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Abstract 
 
 
The operating temperature of the components within an electronic device has a significant 
impact on the reliability of a product. In a variable speed drive the power semiconductors in 
the inverter stage are often operated close to their maximum temperature when the inverter 
is operating at a low output frequency or during an overload. The temperature of these 
components must be continuously monitored to prevent them from overheating, but direct 
measurement of the temperature is only possible if a special test configuration can be used. 
This is not practicable in a commercial drive and to protect the inverter the temperature of 
the power semiconductors must be estimated by an on-line thermal model.  
 
The work presented in this thesis describes the development of a novel thermal model that 
can be implemented using the existing computational resources available in a commercial 
variable speed drive. The thermal model is based on the transient thermal impedance 
measured between each device and the internal thermistor in a power module. These form a 
thermal impedance matrix which can be used to calculate the instantaneous temperature of 
every device in the inverter. However, with the existing computational resources it is not 
possible to implement the complete matrix without aliasing. To reduce the risk of aliasing 
the number of calculations performed during each sample period must be reduced. This is 
achieved by using a frequency domain model that has been developed to calculate the peak 
temperature of the hottest devices.    
 
To validate the thermal model it has been implemented in a commercial drive. The drive 
has been modified to allow the temperature of the power semiconductors in the inverter to 
be measured using a high speed thermal camera. This allows the temperature estimated by 
the on-line thermal model to be compared directly with the temperatures measured when 
the inverter is operating under typical load conditions. Comparisons of the measured and 
estimated temperatures in several operating conditions are presented. These conditions 
were chosen to highlight the advantages and disadvantages of the frequency domain model.     
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Acon(n) Magnitude of the combined sine and cosine component for the nth harmonic 
in the conduction loss model (°C) 
ADC Magnitude of the DC component (°C) 
AFn Magnitude of the filter term for the nth harmonic 
Asn Magnitude of the sine component for the nth harmonic model (°C)  
Asw(n) Magnitude of the combined sine and cosine component for the nth harmonic 
in the switching loss model (°C) 
Cth Thermal capacitance (Ws/K) 
DUL Lower diode in the U phase of the inverter  
DUU Upper diode in the U phase of the inverter  
DVL Lower diode in the V phase of the inverter  
DVU Upper diode in the V phase of the inverter  
DWL Lower diode in the W phase of the inverter  
DWU Upper diode in the W phase of the inverter  
Eoff IGBT turn-off energy loss (mJ) 
Eon IGBT turn-on energy loss (mJ) 
Erec Diode reverse recovery (turn-off) energy loss (mJ) 
Fout Output frequency of the inverter (Hz) 
Fsw Inverter switching frequency (Hz) 
iu, iw, iv Instantaneous inverter output current (A) 
IL Inverter load current (A) 
IUL Lower IGBT in the U phase of the inverter  
IUU Upper IGBT in the U phase of the inverter 
IVL Lower IGBT in the V phase of the inverter  
IVU Upper IGBT in the V phase of the inverter 
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Chapter 1:  Introduction 
 
 
1.1 Thermal Protection of the Power Electronics in a Three Phase Inverter  
To ensure the reliable operation of a variable speed drive it is important that the power 
electronic components are prevented from exceeding their maximum operating 
temperature. If this is not done it can lead to a premature failure. However, when designing 
an inverter it is desirable to allow these components to operate as close as possible to their 
maximum temperature since this has a positive impact of the performance, size and cost of 
a product. Consequently, in some operating conditions, especially during overloads, it is 
possible that these components could exceed their maximum junction temperature. In a 
commercial product this temperature cannot be measured directly and in most applications 
only the case temperature of a power module is measured. Therefore, a ‘real-time’ thermal 
model must be used to estimate the transient temperature response between the junction of 
a device and the case temperature.  
 
This project was initiated because several weaknesses were identified in the existing 
thermal model employed by Control Techniques. These can result in the temperature of the 
power electronics being underestimated. Furthermore, by improving the accuracy of the 
thermal model and minimising any overestimation of the temperature an opportunity to 
improve the maximum current rating of an inverter was identified.  
 
One of the present trends in the power electronic industry is to increase the current density 
of a multi-chip power module by reducing the size of the individual chips and/or 
packaging. As the size of a chip is reduced its self thermal impedance is increased and for a 
given power loss the operating temperature will be higher. In addition, in a smaller package 
the chips are closer together and they will begin to thermally interact with one another. This 
can have a significant effect on the temperature of a device when the inverter is operating at 
an output frequency of 0Hz (often referred to as a stationary vector condition or a DC 
condition). In this condition there is no filtering effect due to the thermal time constants 
Chapter 1: Introduction 
 
19 
associated with the thermal impedance between the devices. Consequently, the operating 
temperature of a device can be much higher than the temperature calculated using the self 
thermal impedance provided by the manufacturer, which is usually the only thermal 
impedance given in a datasheet. This effect is described in [1] and is one of the major 
limitations of existing approaches that rely on the datasheet values to develop a thermal 
model for an inverter application.   
1.2 Objectives of the Work 
The main objective of this work is to develop a thermal model that can be used to estimate 
the transient temperature response between the junction of the hottest device in an inverter 
and a reference temperature measured by a thermistor. This model must include the thermal 
interaction between all of the devices in the inverter, the impact of the thermistor location, 
and the effect of the operating conditions on the power loss generated in a device. One of 
the most important requirements is that it must be possible to implement the thermal model 
using the existing computational resources without introducing the risk of aliasing.    
1.3 Overview of the Thesis 
This thesis is divided into nine chapters with Chapter one providing a general introduction 
to the project and identifying the key aims and objectives.  
 
Chapter two describes the key principles that must be understood in order to develop a 
thermal model. This includes a brief description of a variable speed drive, the operation of 
an inverter, construction of the power semiconductors and the heat transfer mechanisms. 
The latter includes the definition of thermal resistance and capacitance and describes how 
these values can be used to form an equivalent thermal network.     
 
Chapter three reviews the different approaches that can be used to develop a thermal model 
for a multi-chip device and provides a review of published work in this area. In this review 
the strengths and weaknesses of the different methods are covered and these are used to 
select a suitable design approach.  
 
Chapter four covers the development of a unique thermal model based on the representation 
of the power loss generated in a device by its frequency components. These frequency 
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components are developed by assuming that the power loss in a device is proportional to its 
current and in an inverter this can be approximated by a half wave rectified sinusoid. These 
frequency components are then used to calculate the temperature response due to the 
switching and conduction loss. The procedure described in Chapter four is summarised 
below: 
 
1. Determine the power loss of a device over a complete output cycle due to its 
switching characteristics and represent this loss as a series of frequency 
components. 
2. Apply the frequency components for the switching loss to an equivalent thermal 
network and calculate the resulting temperature rise in the frequency domain.  
3. Determine the power loss of a device over a complete output cycle due to its 
conduction characteristics and represent this loss as a series of frequency 
components.  
4. Apply the frequency components of the conduction loss to an equivalent thermal 
network and calculate the resulting temperature rise in the frequency domain.   
5. Combine the frequency components for the switching and conduction loss. 
 
By following the procedure outlined above the steady-state temperature of one device can 
be calculated.  However, an additional step is performed to determine the peak temperature 
that occurs over one complete output cycle of the inverter: 
 
6. Use the magnitude and phase of the combined frequency components to calculate 
the peak steady-state temperature between the junction of the device and the 
measured reference temperature.     
 
If the peak temperature is known it is not necessary to calculate the temperature at each 
sample point and this reduces the number of calculations that must be performed in order to 
protect an inverter. Consequently, calculating the peak temperature is one of the key steps 
used to development the thermal model proposed in this work. In the final section of 
Chapter four the transient response of the thermal model is investigated and the method 
used to implement the transient component for a single device is proposed.   
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Chapter five describes the adaption of the thermal model developed in chapter four to a 
power module containing the twelve devices (six IGBTs and six freewheeling diodes) used 
in the inverter stage of a variable speed drive. This model is based on the use of a thermal 
impedance matrix and the principle of superposition, which allows the effect of the self and 
mutual thermal impedance to be included in the model. The implementation of the 
complete matrix is described at the beginning of the chapter. However, to implement the 
thermal model on-line some level of simplification is required and different approaches are 
compared. From this investigation a thermal model that can be used to protect the devices 
in the inverter is proposed and the complete model is presented in the form of a control 
diagram.  
 
Chapter six includes a description of the test methods that have been used to measure the 
input data required by the thermal model. This data includes the on-state voltage and 
switching energy of an IGBT and diode, along with the self and mutual transient thermal 
impedances that form the complete thermal impedance matrix for the inverter.    
 
Chapter seven uses the data measured in chapter six to develop the behaviour models that 
are used to estimate the change in the on-state voltage and switching energy with 
temperature, voltage and current. Furthermore, the measured thermal impedances are 
converted into an equivalent thermal network and these are used to identify the hottest 
IGBT and diode under a defined operating condition. From this investigation the thermal 
parameters used in the thermal model are selected.    
 
Chapter eight compares the instantaneous IGBT and diode temperatures measured by an 
infrared camera with the temperature estimated by the thermal model developed in this 
work and the existing thermal model used in a Control Techniques, Unidrive SP. These are 
compared under typical operating conditions for the inverter and include operation in a 
stationary vector condition. From these comparisons the advantages and disadvantages of 
the new thermal model are highlighted.  
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Chapter nine describes the major achievements and shortcomings of the research and the 
extent to which the initial aims have been fulfilled. This chapter also covers some 
suggestions for further work.   
1.4 The Contribution to Knowledge  
This section outlines the areas of work in this thesis that the author believes have not been 
previous published: 
 
Chapter Four 
• The development of a thermal model based on the representation of the power loss 
generated in a device (over a complete output cycle of an inverter) by its frequency 
components. 
• The modification of the frequency components to minimise the number of 
calculations required to implement the model.  
• A method of calculating the peak temperature response over an output cycle using 
the Taylor series approximation of the frequency components. 
• The identification and modelling of the transient components of the thermal model.   
 
Chapter Five 
• The calculation of the temperature rise of a multi-chip device represented by more 
than one equivalent Foster network by combining frequency components with 
different offset values.  
 
Chapter Six 
• The investigation into the effect of the fan speed on the measured self and mutual 
thermal impedance measured between the junction of a device and the internal 
thermistor in the power module.  
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Chapter 2:  Background Information 
 
 
2.1 Introduction 
This chapter describes the key principles that must be understood in order to develop a 
thermal model to protect the power semiconductors in the inverter stage of an industrial 
variable speed drive (VSD). These principles include:   
 
a) Operating theory of an industrial variable speed drive 
b) Electrical characteristics of the power semiconductors 
c) Factors limiting the maximum operating conditions 
d) The power loss generated in a device  
e) Thermal characteristics of a power module and drive system 
 
The operating theory of an industrial VSD has a significant impact on the development of a 
thermal model since it defines the conditions in which the power semiconductors must 
operate. To show how a drive works, the configuration of a typical power stage is described 
in Section 2.2. In this section the power semiconductors and the control algorithms used to 
produce the required output voltages are introduced. The electrical characteristics of the 
power semiconductors are then described in more detail in Section 2.3. This section 
includes a review of the key failure mechanisms and the restrictions these place on the 
device ratings, including the maximum current, voltage and temperature. The estimation of 
the power loss is then covered in Section 2.4. Finally, the basic heat transfer mechanisms 
and the development of an equivalent thermal network are described in Section 2.5.  
2.2 Operation of a Variable Speed Drive 
A variable speed drive can be used to control the current, torque and speed of a motor [2]. 
In an AC drive a supply voltage with a fixed frequency and magnitude is converted into an 
output voltage with a variable frequency and magnitude. This concept is illustrated in 
Figure 2.1.  
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Figure 2.1: Application of an AC drive 
 
In an application a drive offers the ability to accurately control a process over a wide speed 
range. Common applications that utilise the versatility of a drive include test rigs, pumps, 
fans, cranes, elevators and escalators.  
2.2.1 Typical Power Stage Configuration 
To understand how a drive works, the basic operation of a typical power stage is described.  
A typical configuration is shown Figure 2.2. This power stage consists of a rectifier, DC 
link filter and a voltage source inverter.  
 
 
Figure 2.2: Typical power stage used in a three phase AC drive 
 
As discussed, the input voltage to the diode rectifier has a fixed voltage and frequency and 
this is converted by the rectifier into a DC voltage (VDC
Chapter 2: Background Information 
 
25 
input to the inverter stage. The inverter consists of six switching devices, normally 
Insulated Gate Bipolar Transistors (IGBTs), and six anti-parallel (freewheeling) diodes. 
The IGBTs in the inverter are controlled (modulated) to produce a sinusoidal output voltage 
with a variable voltage and frequency. The control scheme used in this process is important 
as it determines the number of switching events (switching loss) and the on-time or the 
conduction time (conduction loss) of each device. Therefore, the basic principles of a 
modulation scheme are reviewed in the following section.   
2.2.2 Motor Control Algorithms 
An output voltage with a sinusoidal component can be generated using Pulse Width 
Modulation (PWM). To illustrate this technique an example of sinusoidal modulation is 
shown in Figure 2.3. This figure shows the switching patterns over one output cycle of the 
inverter (1/Fout). 
 
 
Figure 2.3: Sinusoidal modulation 
 
To generate the switching pattern for the IGBTs a reference sine wave Vref(ωt) is compared 
with a triangular carrier wave Vc(ωt). If the reference signal is higher than the carrier wave 
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the upper IGBT in the appropriate phase of the inverter is turned on and the lower IGBT is 
turned off. If the reference signal is lower than the carrier wave the opposite applies. This 
simple process produces an output voltage with a sinusoidal component. The frequency of 
the fundamental voltage can be changed by adjusting the frequency of the reference 
waveform. Furthermore, the magnitude of the voltage is changed by modifying the 
magnitude of the reference waveform in relation to the carrier wave. The ratio of the 
reference and carrier waveforms is defined as the modulation index (m): 
 
ref
c
V
V
m
ˆ
ˆ
=          (2.1) 
 
For linear modulation (m≤1) the magnitude of the fundamental component of the output 
voltage is proportional to the modulation index. However, if over-modulation (m>1) is 
permitted the maximum output voltage can be increased, but in this instance it is no longer 
proportional to the modulation index [3]. When using sinusoidal PWM the peak phase 
(Line-to-Neutral) voltage is: 
 
  DCNL mVV 2
1
ˆ
=
−
        (2.2) 
 
and the peak line-line voltage is: 
 
DCLL mVV 2
3
ˆ
=
−
        (2.3) 
 
This equation shows that sinusoidal PWM does not fully utilise the available DC link 
voltage. Therefore, in order to increase the peak voltage other modulation schemes are 
normally employed. The most popular of these schemes is Space Vector Modulation 
(SVM) and the implementation of the this scheme and its variants is well documented [4-
7]. In general, when using SVM the IGBTs are controlled to produce eight unique voltage 
vectors and combinations of these vectors can be used to produce a rotating voltage vector. 
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The key advantage of this scheme over sinusoidal modulation is that the peak of the 
fundamental phase voltage is increased:      
 
DCNL mVV 3
1
ˆ
=
−
        (2.4) 
 
Therefore, in this instance the peak line-line voltage is: 
 
DCLL mVV =−ˆ          (2.5) 
 
The choice of modulation scheme determines the number of switching events (switching 
frequency) and the on-time (modulation index) of each device which have a significant 
effect on the power loss generated in an IGBT or diode. However, since an IGBT can only 
conduct current in the forward direction the conduction loss is also dependant on the 
direction of the load current. This effect is illustrated in Figure 2.4. This figure shows how 
the output current from an inverter with an inductive load changes over a complete cycle.   
 
 
   Figure 2.4: Load current  
 
In this example the frequency of the carrier waveform (switching frequency) is very low 
and the ripple current is significant, but as the switching frequency is increased the output 
current will become more sinusoidal. For this reason, in a drive application it is common to 
use a switching frequency (Fsw) in the order 1 kHz and above. By definition, when the 
phase current (IL) is positive it will flow in the upper IGBT (when on) or the lower anti-
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parallel diode. Alternatively, when the phase current is negative it will flow in the lower 
IGBT (when on) or the upper anti-parallel diode. Thus, in addition to the switching 
frequency and modulation index, the power loss is dependant on the type of load, 
specifically the displacement angle (θ). Before reviewing the methods that can be used to 
estimate this loss, the structure and operation of the power semiconductors are described.   
2.3 Power Semiconductor Technology 
The use of IGBTs (with an anti-parallel diode) in an inverter is well established. The IGBT 
was first proposed in the 1980’s and was introduced to the market place in 1983 [8]. The 
advantage of an IGBT is that it combines the low conduction loss of a BJT with the lower 
switching energy and the simpler gate drive requirements of a MOSFET [9]. Since its first 
development, the desire for improved operating characteristics, higher ratings and lower 
cost has seen the introduction of Punch Through (PT), Non Punch Through (NPT) and 
Field Stop (FS) chip technology [10-14]. Importantly, this development has coincided with 
several advances in freewheeling diode [15] and packaging technologies [16]. The 
construction of a PIN diode and a PT IGBT are shown in Figure 2.5.  
 
     (a)           (b) 
Figure 2.5: Power semiconductors construction (a) PIN diode (b) PT IGBT  
 
A PIN diode has a lightly doped n- layer positioned between heavily doped p and n layers. 
This lightly doped layer is often referred to as the intrinsic or I-region, which gives the 
diode its name. When the junction of the diode is forward biased, electrons and holes are 
injected into this layer reducing its resistance and allowing a current to flow between the 
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terminals. This is known as conductivity modulation [9]. When the junction is reversed 
biased, the depletion layer extends into the intrinsic layer. If this depletion layer contacts 
the n+ layer the diode is referred to as a punch through device, otherwise it is a non punch 
through device. The addition of this wide depletion layer reduces the electric field allowing 
a high voltage to be applied across the terminals of the device without causing impact 
ionization.     
 
As shown in Figure 2.5(b), an IGBT is a four layers (PNPN) structure with a parasitic NPN 
and PNP transistor. These transistors from a parasitic thyristor and this can have a 
significant influence on the robustness of a device. The state (on/off) of an IGBT is 
controlled by the voltage applied to the gate. If the gate voltage (VGE) is below the 
threshold voltage (VGE(th)) no inversion layer is created under the gate (body region). When 
in the forward blocking state, the applied voltage is supported by the reversed biased p-n 
junction J2 (PIN diode). Otherwise, in the reverse blocking state the applied voltage is 
supported by the reversed biased p-n junction J3. This junction prevents any current flow in 
the reverse direction, but due to the doping levels can only support a low voltage. 
Therefore, an anti-parallel diode is required to conduct the reverse current (inductive load) 
and restrict the reverse voltage seen by the IGBT. To turn the IGBT on, the gate voltage 
must be greater than the threshold voltage. In this condition an inversion layer is created 
under the gate and electrons are injected into the drift region. At the same time holes are 
injected from the forward biased junction J3. Consequently, conductivity modulation takes 
place allowing a current to flow between the collector and emitter. When the gate voltage is 
removed electrons are no longer injected into the drift region. However, a current 
temporarily flows in the device due to the recombination of the minority carriers (holes) in 
the drift region and this current is often referred to as the tail current.  
2.3.1 Operating Limits and Typical Failure Modes 
When switching an inductive load the IGBTs and diodes in the inverter are subjected to a 
high electrical and thermal stress. Therefore, to avoid damaging the devices they must be 
operated within the limits (ratings) provided by the manufacturer. The maximum ratings for 
a semiconductor are often defined in the form of a Safe Operating Area (SOA). For an 
IGBT, the safe operating area is enveloped by the maximum collector-to-emitter voltage 
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(VCE) and collector-to-emitter current (ICE). Typically, the following can be found in the 
datasheet of a device:    
 
1. Forward Bias Safe Operating Area (FBSOA) 
2. Reverse Bias Safe Operating Area (RBSOA)  
3. Short Circuit Safe Operating Area (SCSOA)  
 
The use of a SOA to describe the maximum ratings for a diode is less common, but in some 
instances a dynamic SOA is defined. The safe operating area for a diode is enveloped by 
the maximum reverse voltage (VD) and forward current (IR). In general, the SOA of a diode 
in a power module is larger than the corresponding IGBT and does not limit the maximum 
ratings. Even so, care must be taken to avoid overheating as this can increase the risk of 
dynamic avalanche.    
 
To describe how the SOA for an IGBT impacts the maximum ratings of a drive examples 
are shown in Figure 2.6. The FBSOA determines the maximum ratings when the IGBT is in 
the on state. Normal operation (non fault conditions) is confined by the peak repetitive 
collector current (ICRM) and the breakdown voltage (BVCES).  
 
  
(a)       (b) 
Figure 2.6: Typical safe operating areas (a) FBSOA and SCSOA (b) RBSOA 
 
Repetitive operation anywhere within this boundary is permitted, although continuous 
operation is limited by the maximum operating temperature. An indication of this limitation 
is provided in the form of a series of simple curves with a maximum pulse length (on-time), 
where the diagonal part of the curve corresponds to a constant power loss. However, these 
Chapter 2: Background Information 
 
31 
curves can only be applied under constant operating conditions. Furthermore, the ability to 
operate over the full area enclosed by the maximum voltage and current ratings is desirable 
as this has a positive impact on the performance, size and cost of a product [17]. Therefore, 
in this instance the device temperature is the limiting factor. However, it is not possible to 
directly measure the junction temperature in an online application and in order to protect 
the inverter this temperature must be estimated by a thermal model. Operating with a 
current higher than ICRM is only permitted under short circuit conditions (non-periodic) and 
this boundary is commonly referred to as the SCSOA. Under a short circuit condition the 
current (ISC(nom)) can be up to five times greater than IC(nom). Therefore, in order to avoid 
overheating this current can only be tolerated for a short period (typically less than 10µs). 
The RBSOA is shown in Figure 2.6(b), this defines the maximum voltage and current that 
the device can tolerate when turning off. In modern devices this SOA is often square, 
although the maximum voltage applied to the terminals of a power module can be limited 
by the voltage induced in the internal parasitic inductance during the switching event. Once 
again, operation anywhere within the boundary is permitted as long as the temperature is 
maintained below the maximum value.  
 
Exceeding the limits defined by the SOA can lead to the failure of the device and in 
general, the boundary is defined by the destructive mechanisms shown below:  
 
Table 2.1: Destructive Mechanisms for an IGBT 
 VCE ICE Failure Mechanism 
1 High Low Breakdown voltage  
2 Low   High Latch up  
3 High High Power limitations of the device and package 
 
A brief description of these failure modes is given below: 
 
1) If the breakdown voltage is exceeded avalanche breakdown of the reversed bias p-n 
junction J2 can occur. This is itself not a destructive mechanism, but with a high voltage the 
current quickly rises increasing the power loss generated in the device. Consequently, this 
condition can lead to the thermal failure of the chip, connections or packaging [9].  
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2) Latch up is a failure mode where an IGBT enters a state of continuous conduction in 
which the gate voltage has no influence on the collector current. In general, two kinds of 
latch up can be distinguished [9].  
 
a) Static 
b) Dynamic 
 
Static latch up occurs when the IGBT is in its forward conduction state (steady-state), 
whereas dynamic latch up occurs during the turn-off transient. Latch up can occur if the 
current and the corresponding voltage drop across the body resistance is sufficient to 
forward bias the p-n junction J1. If the sum of the NPN and PNP current gains are greater 
than unity the parasitic thyristor is activated (latch up) and the IGBT can no longer be 
controlled by the gate. In modern devices the latching current is in the order of five times 
larger than the nominal collector current and does not pose a problem under normal 
operating conditions. However, at elevated temperatures the current gain of the transistors 
increases, reducing the latching current and increasing the risk of latch up occurring [18].   
 
3) Operating at a high voltage and current can cause an excessive temperature rise, which 
can lead to thermal runaway and ultimately the thermal breakdown of the device [9]. In this 
condition, thermal assisted carrier multiplication can take place causing current crowding 
and the generation of a localized hot spot. However, in [19] it was shown that it is possible 
to operate a typical IGBT (maximum temperature of 150˚C) at a temperature of up to 
200˚C. However, clear limitations were identified. These include a significant increase in 
the leakage current that can lead to thermal runaway [20] and a reduction in the allowable 
short circuit time.  
 
In addition to the failure mechanisms described above, the effect of power cycling must be 
considered. Power cycling refers to the repeated operation of a device over a wide 
temperature range, but within the normal operating limits. In this type of operation shear 
stress is generated at the interface between the different materials in the power module (e.g. 
silicon, solder, copper etc) due to the mismatch in the coefficients of thermal expansion 
[21]. This can lead to the degradation of the solder layers and the bond wire connections, 
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and ultimately device failure [22-25]. However, if the temperature is known appropriate 
action can be taken to minimise this effect and prolong the operational lifetime of the 
product.          
 
In summary, to ensure reliable operation a power semiconductor must be operated within 
the voltage and current boundaries defined by the safe operating area. Furthermore, it must 
not exceed its maximum temperature. Given that this temperature cannot be measured 
directly it must be estimated by a thermal model and the development of a suitable model is 
the focus of this research. A thermal model can be broken down into two key requirements, 
the estimation of the power loss and the approximation of the thermal characteristics; both 
of these are discussed in the following sections.  
2.4 Power Loss in a Semiconductor 
In order to estimate the device temperature the total power loss must be known. In general, 
the power loss in a semiconductor can be divided into the following categories: 
 
Total
Switching Driving Static
Turn-on Loss Turn-off Loss
Conduction 
(On) Loss
Blocking 
(Off) Loss
 
Figure 2.7: Power loss in a semiconductor 
 
However, under normal operating conditions, the blocking and driving losses are negligible 
[26, 27]. Furthermore, when compared to the reverse recovery loss (turn-off) the turn-on 
loss of a diode is insignificant. Therefore, these losses can usually be ignored.   
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2.4.1 Review of Power Loss Models 
Various methods of predicting the power loss in an IGBT and a diode exist. A 
comprehensive review was provided in [28]. In this review the power loss models were 
divided into four main categories:  
 
• Mathematical or Analytical  
• Semi-mathematical  
• Behavioural  
• Semi-numerical  
 
Mathematical models are based on solving physics equations with some level of 
simplification. A review of mathematical models was presented in [29] and two common 
IGBT models were compared in [30]. Using a mathematical model in conjunction with 
circuit simulators allows a flexible design approach, although simulations can be slow [31]. 
Furthermore, various parameters must be extracted from electrical measurements [32-40] 
making these models difficult to develop.     
 
Semi-mathematical models are based partly on physics equations but utilise existing 
models for other components, such as the MOSFET and BJT, while including the specific 
effects of an IGBT. This type of model is less common and is often not as accurate as the 
purely mathematical models. 
 
Behavioural models are based on measured characteristics as opposed to physical 
mechanisms. The advantage of these models is that simple expressions for the power loss 
can be developed from experimental results [31] or alternatively the measured data can be 
stored directly in lookup tables [41, 42]. The disadvantage of behaviour models is that a 
new set of measured data is required if the operating conditions (i.e. the gate resistance) are 
changed. Therefore, these models are not as flexible as those used in circuit simulators.   
 
Semi-numerical models combine finite element methods with existing analytical models 
to improve the modelling of some key characteristics. These models are capable of 
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modelling accurate transient operation, but are significantly slower than other models and 
can be difficult to implement.  
 
In general, it is recognised that the best results can be gained by combining well defined 
mathematical models with curve fitting techniques [43]. An example of this approach is 
given in [44]. This model uses the simulation of an ideal device to determine the 
dependency of the voltage and current with time, while using lookup tables to calculate the 
power loss. However, it is difficult to implement this type of model in an on-line 
application. In contrast, a simple behaviour model allows the power loss to be estimated 
with sufficient accuracy with the benefit of very fast calculation times, making them ideal 
for online applications.  
2.4.2 Review of Behaviour Models 
The equations that form the basis of the power loss calculations for an IGBT and diode are 
shown in Table 2.2. In this table it can be seen that the switching loss is calculated using 
the turn-on (Eon) and turn off energy (Eoff or Erec) measured during a single switching event.  
 
Table 2.2: Power loss calculation for an IGBT and diode 
Power Loss (W) IGBT  Diode 
Conduction  Pcon = ILVCE(sat) Pcon =  ILVF 
Turn-on  Psw (on) = FswEon  Switching  
Turn-off Psw (off) = FswEoff Psw (rec) = FswErec 
 
The power loss is defined as the average power over a switching period (1/Fsw). For this 
approach to be valid the switching period must be significantly shorter than the thermal 
time constant of the device. In addition, the equations in Table 2.2 assume that the device is 
conducting the load current for the complete period and do not include the effect of the 
modulation index or displacement power factor. The incorporation of these operating 
parameters into the power loss model is described in Chapter 4. To calculate the power loss 
under a defined operating condition the following parameters must be known:  
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• Turn-on switching energy of an IGBT (Eon) 
• Turn-off switching energy of an IGBT (Eoff) 
• On-state voltage of an IGBT (VCE) 
• Turn-off (reverse recovery) switching energy of a diode (Erec) 
• On-state voltage of a diode (VF) 
 
The on-state voltage for a device is dependant on the device temperature (Tj) and load 
current (IL), although it is common to ignore the effect of temperature and assume a linear 
relationship between VCE and IC: 
 
( )tIAVV CZEROCEsatCE ⋅+= )()(        (2.6) 
 
However, the relationship between VCE and IC is rarely linear [43] and in [45-48] an 
additional parameter (B) is included, although the effect of temperature is still ignored: 
 
 ( )BCZEROCEsatCE tIAVV ⋅+= )()(       (2.7) 
 
A similar approach has been used for the switching loss [49-51]. However, this loss is also 
dependant on the device temperature and the DC link voltage (VDC). In [46] an extended 
loss model was proposed to account for the variation due to these parameters:  
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Another approach which has been widely used to estimate the on-state voltage and 
switching energy is to use a second order polynomial [52-54]:   
  
( ) ( ) ( )tICtIBAIE CCCsw 2⋅+⋅+=       (2.9) 
 
The parameters (A, B and C) in this equation can be calculated from the measured results 
using standard curve fitting software, and if necessary the equation can be extended to 
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higher order polynomials [55]. In [56] the dependency of the parameters with voltage are 
themselves represented by a first order polynomial, although in this model the effect of 
temperature is ignored. While, in [52, 54] the same approach is used to represent the 
dependency of the parameters with temperature, but at a constant DC link voltage. 
However, in order to develop an accurate thermal model none of the dependencies can be 
ignored. Therefore, an alternative model is proposed in Chapter 7. This model is based on a 
series of polynomial expressions and includes the effect of the current, temperature and 
voltage.  
2.5 Fundamentals of Heat Transfer 
The second part of a thermal model, and often the most difficult to develop, is the 
approximation of the thermal characteristics. In any system the propagation of heat can take 
place in three different ways, conduction, convection and radiation.  
 
Conduction: When a temperature gradient exists in a body there is an energy transfer from 
the high temperature region to the low temperature region. The heat transfer rate is 
proportional to the gradient of the temperature and can be expressed by Fourier’s law of 
heat conduction: 
 
x
TkAq
∂
∂
−=          (2.10)  
       
Where, q is the heat transfer rate (W or J s), k is the thermal conductivity (W/m K), A is the 
cross section area (m2), T is the temperature (K) and x is the distance in the direction of 
heat flow (m). The rate of heat transfer is restricted by the thermal conductivity, the 
thickness of the material and the surface area. If the heat flow is one-dimensional the 
energy transfer rate can be expressed by the thermal resistance (Rth):  
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This equation is only valid if the temperatures of the hotter (T1) and cooler (T2) surfaces are 
isothermal and all of the heat flux entering the hotter surface leaves via the cooler surface 
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[57]. However, in a power module it is unlikely that the surface temperature of the silicon 
chip, case or heatsink will be isothermal. As a consequence the thermal resistance will be 
dependant on the boundary conditions and the location where the temperature is measured. 
Despite this, thermal resistance is widely used by manufacturers to describe the steady-state 
thermal properties of a power module.    
 
For transient conduction, the temperature at any point within a solid is given by the heat 
conduction equation, which is developed using the principles of energy conservation. The 
three-dimensional heat (diffusion) equation for an isotropic material without an internal 
energy source is: 
 
     
        (2.12)
  
 
 
Where c is the specific heat (kJ/Kg K), ρ is the material density (kg/m3) and t is the time 
(s). If the specific heat capacity (cp=ρ×c) is multiplied by the volume (V) of the element or 
structure being examined the resulting term can be defined as the thermal capacitance (Cth) 
and this has units of J/K:  
 
  cVCth ρ=          (2.13)  
 
This term is often used in conjunction with the thermal resistance to form an equivalent RC 
network of a device. A thermal network can be used to describe the transient thermal 
impedance (Zth) and allows the transient temperature response to be calculated using 
electrical equivalents of the thermal parameters. This approach is widely used in the 
development of a thermal model. The properties of an equivalent thermal network are 
described in more detail in Section 2.5.1.   
 
Convection: Heat energy can also be transferred between a solid and a fluid if there is a 
temperature difference between them. This process is known as convection. The 
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temperature gradient that defines the heat transfer rate is dependant on the velocity of the 
fluid, the higher the velocity the higher the temperature gradient. However, the velocity of 
the fluid at the surface of a solid is reduced to zero due to viscous friction [58] and the heat 
is transferred to the fluid by conduction. The effect of convection on the system is specified 
by Newton’s law of cooling [59]: 
 
)(
∞
−= TThAq s         (2.14) 
   
Where h is the convection heat transfer coefficient (W/m2K) and is a function of the 
velocity, density, specific heat and the thermal conductivity, A is the surface area (m2), T∞ 
is the fluid temperature (K) and Ts is the surface temperature (K). For convection the 
restriction to heat transfer can also be represented by a thermal resistance:    
 
hA
R Convectionth
1
)( =         (2.15)  
 
To calculate this thermal resistance the convection heat transfer coefficient is required and 
for most systems an average value is used. This value is usually determined experimentally.  
 
Radiation: Unlike conduction and convection, heat transfer between objects by radiation 
does not require any matter to exist between the two bodies. In contrast to conduction and 
convection, the amount of energy transferred via radiation is related to a power term of the 
temperature difference, making it the main form of heat transfer in very hot objects. The 
exchange of heat between two surfaces (gray bodies) via radiation is given by:  
 
( )4241 TTASq −= εσ         (2.16) 
 
Where S is the geometric view factor, ε is the emissivity and σ is the Stefan-Boltzmann 
constant which has a value of 5.669×10-8 (W/m2K4). This equation can be used to show that 
for an electronic component with a relatively small surface area the effect of radiation can 
be ignored without introducing any significant errors.  
Chapter 2: Background Information 
 
40 
2.5.1 Thermal Impedance and the Development of Equivalent Thermal Networks 
As explained, the thermal characteristics of a system can be described by its thermal 
impedance and this is often represented in the form of an equivalent thermal network. A 
thermal network is capable of describing a one-dimensional, two-dimensional or three-
dimensional problem [60] and can be easily implemented in circuit simulators. Therefore, 
they are ideal for electro-thermal simulations [61]. Many different thermal networks have 
been used to describe the thermal characteristics of a system, but there are two dominant 
topologies; the Foster and Cauer networks. These networks are illustrated in Figure 2.8. 
 
  
(a)      (b) 
Figure 2.8: Thermal networks with n elements a) Foster b) Cauer  
 
To use these networks it must be assumed that the heat is generated uniformly at the upper 
surface of the device and all of the heat flows perpendicular to this surface [62], i.e. 
towards the heatsink. Furthermore, the networks shown can only be used to calculate the 
temperature of a single device. To estimate the temperature of more than one device the 
networks must be combined with other modelling techniques. This is a key requirement for 
the thermal model of the inverter (twelve devices) and existing methods that have been 
used to model a multi-chip device are described in Chapter 3.  
 
To calculate the temperature of a device using a thermal network a known power loss (P), 
which is equivalent to an electrical current, is applied to the first node in the network. The 
transient temperature response of the device (equivalent to electrical voltage) can then be 
measured. Before using a network the thermal parameters (Rth and Cth) must be calculated 
and there are two distinct approaches than can be used:  
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a) Parameterization of the elements in the equivalent network based on measurements 
and curve fitting techniques 
b) Calculation of the individual component values from the known material parameters 
and geometry of the device 
 
Both of these methods have advantages and disadvantages and lend themselves to a 
particular type of network. This is discussed in more detail in the following sections.   
2.5.1.1 Foster Network 
The Foster network is based on a set (theoretically infinite) of exponential time constants 
equivalent to a step response with zero initial conditions:  
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The thermal time constant (τth) is equal to the sum of the thermal resistance and capacitance 
in each element. Typically, four terms are enough to describe the thermal impedance with 
sufficient accuracy. However, when the thermal impedance is modelled by a finite number 
of elements there will always be an additional (shorter) time constant that is not included 
[63]. The transfer function for a Foster network can be found by applying Laplace 
transforms to the response of the network in the time domain: 
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This transfer function only applies to a linear model i.e. a model where the variation of the 
conductivity and the specific heat with temperature can be ignored [64]. Since each element 
in the Foster network can be treated individually, the Foster network is very simple to 
implement. Furthermore, it is possible to use standard curve fitting algorithms (method A) 
to determine the individual component values from the measured thermal impedance [63, 
65]. However, although the Foster network is able to describe the thermal behaviour at the 
input node (device junction or upper surface) it cannot be used to determine the temperature 
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distribution within the device, nor is it possible to extend this network to include other 
components. This is because in an electrical circuit the current flow is equal on both sides 
of the capacitor, while in a thermal equivalent circuit only the flow on one side has a 
meaningful effect. Likewise, the stored thermal energy in an element of a device is 
proportional to the absolute temperature of the material, rather than the temperature 
difference between two layers. However, in the Foster network the energy stored in the 
capacitance is proportional to the voltage difference between two nodes [66] rather than 
their absolute temperature.  
2.5.1.2 Cauer Network 
The component values of the Cauer networks can be determined from the direct application 
of the heat equation [66]. If the heat flow is one-dimensional the values of the thermal 
resistance and capacitance can be derived directly from the material parameters of the 
structure [67]. Unlike the Foster network, the Cauer network can correctly describe the 
internal temperature distribution in a system since the thermal capacitances are connected 
to the electrical or thermal ground. Therefore, the stored energy in the capacitors is 
proportional to the temperature rise above the temperature of the environment and as in the 
physical structure heat takes time to propagate between the nodes of the network. The 
transfer function for the Cauer network can be expressed by continued fractions: 
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In general, the Cauer network has some key advantages compared to the Foster network, 
specifically the ability to extend the model and estimate intermediate temperatures. 
However, to achieve this, the thermal parameters must be calculated using the material 
properties of the device. If the heat flow in any layer of the device is not one-dimensional 
this becomes very difficult and can lead to significant errors. If required, the Cauer network 
can be transformed to the equivalent Foster network and vice versa using standard circuit 
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transformations [68], but in this process the characteristics of the individual layers in a 
device is lost.    
2.5.1.3 The Effect of Nonlinearities on the Development of an Equivalent Network 
To develop an equivalent thermal network for a device the thermal properties must be 
considered linear, that is independent of the operating conditions [69]. However, there are 
various material parameters that are not linear. In terms of semiconductors, one of the 
major nonlinearities is the thermal conductivity of silicon, which falls rapidly with 
increasing temperature [70]. The thermal conductivity of silicon for a given temperature 
can be expressed by [61]: 
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For dynamic models, the temperature dependence of the heat capacity may also be an 
important factor, although its effects are relatively small over the normal operating range of 
a power semiconductor. In [70] it was recommend that a nonlinear model should be used 
for a temperature rise of 80°C to 100°C. While in [64], it was shown that if the thermal 
conductivity is fixed at the mid point of the operating range (i.e. at 125°C for an operating 
range of 27°C-200°C) the resultant deviations are ±26% and ±7% for thermal conductivity 
and specific heat respectively. Therefore, since the thermal conductivity falls as it is heated, 
to avoid significantly underestimating the device temperature the parameters of a linear 
thermal network should always be calculated or measured at the maximum operating 
temperature, i.e. the conditions that give the highest thermal impedance.  
2.6 Summary 
The aims of this chapter were to introduce some of the key principles that are used to 
develop a thermal model that can protect the power semiconductors in the inverter stage of 
an industrial drive and identify the key operating limits for these components. In this 
chapter the development of a thermal model was divided into two stages, the estimation of 
the power loss and the approximation of the thermal characteristics. The methods that could 
be used to estimate the power loss were reviewed in Section 2.4.1. Of the methods 
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reviewed, a behaviour model is most suited to online (real time) applications due to the fast 
calculation times. Using a behaviour model the on-state voltage and switching energy can 
be calculated. These values are highly dependant on the operating conditions of the inverter 
and the following parameters must be included in the power loss estimation:  
 
• Junction temperature (Tj) 
• DC link voltage (VDC) 
• Output current (IL) 
• Switching frequency (Fsw) 
• Modulation index (m) 
• Displacement angle (θ) 
 
The power loss model (based on the basic loss equations) is developed in Chapter 4 and the 
methods used to measure the on-state voltage and switching energy is covered in Chapter 6. 
To implement this model the parameters of the behaviour model must be generated from 
these measurements and this process is described in Chapter 7.  
 
In addition to the power loss estimation, the thermal properties of the power module must 
be represented in a form that allows the transient temperature response to be calculated 
quickly and efficiently. In the review of the heat transfer mechanisms a thermal resistance 
and capacitance were defined. These thermal parameters can be used to form an equivalent 
thermal network which can be used to represent the transient thermal impedance of a 
device. However, the networks described in this chapter can only be used to estimate the 
temperature of a single device (single thermal impedance). Therefore, in an inverter where 
multiple devices can be included in a single power module an alternative thermal network 
or modelling technique must be used to account for the thermal interaction between these 
devices. These methods are reviewed in the next chapter.  
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Chapter 3:  A Review of Thermal Modelling Techniques 
 
 
3.1 Introduction 
The aims of this chapter are to review the methods that can be used to develop and 
implement a thermal model, identify their strengths and weaknesses and highlight those 
that have been or can be applied to an inverter. In this chapter the thermal models have 
been divided into five categories: 
 
1. Basic thermal impedance model provided in the datasheet of a power module. 
2. Analytical models where the effective heat flow area is calculated using the known 
geometry of a device and this area is used to calculate the total thermal resistance.  
3. Compact thermal models where the parameters of a thermal network are calculated 
to give the best temperature estimation under a range of boundary conditions. 
4. Parameter extraction network where the thermal parameters of a Cauer network are 
calculated from the known material properties. 
5. Thermal impedance model based on the development of a thermal impedance 
matrix, where each element is represented by an equivalent Foster network.  
 
After the brief review of the key requirements for the thermal model in Section 3.2, the five 
model types are described in Sections 3.3.1 to 3.3.5. The main features of each model are 
then summarised in Section 3.3.6. From this summary the methods that are best suited to an 
inverter application are selected. In Section 0 the selected models are developed for a 
simple heat spreader and are compared with simulation results.  
3.2 Key Requirements for the Inverter Thermal Model 
A comprehensive thermal model must include the following effects: 
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• Transient heat exchange via conduction, convection and radiation 
• Thermal interaction between devices in a multi-chip power module 
• The effect of the location of the internal thermistor in the power module 
• The variation of material properties with temperature 
• Non-uniform heat paths caused by imperfections in a device (e.g. solder voids) 
• The degradation of the heat path over the lifetime of the device 
• Variations in the cooling conditions (e.g. fan speed) 
 
Most of these factors can be modelled by sophisticated simulation packages, but for on-line 
applications a simplified approach is required. Using a simplified model reduces the 
computational resource required to implement the model, speeds up the calculation time 
and reduces the number of input parameters [64]. If the model is difficult to implement the 
calculation time will be slow and aliasing may occur. In order to protect the inverter this 
must be avoided. In the simplest models most of the effects listed above are ignored. As a 
result the temperature can be significantly underestimated and this is usually more evident 
when operating in specific (worst case) conditions.  
 
One of the known problem areas with the existing thermal model used in a Control 
Techniques, Unidrive SP is prolonged operation in a stationary vector condition (also 
referred to as a DC condition). The model implemented in this drive is based on the thermal 
data provided by the manufacturer of the power module. Relying on this data alone can 
result in the temperature being significantly underestimated. This effect has been 
highlighted by the work presented in [1]. Operating in a stationary vector condition causes 
a particular problem in an inverter application because the output current and power loss 
generated in a device (ignoring any temperature dependency) is constant. Therefore, there 
is no filtering effect due to the thermal capacity of the materials in the power module. 
Consequently, the effect of the thermal interaction between each device, which cannot be 
modelled by the single thermal impedance used in the Unidrive SP thermal model, is at its 
maximum. This can have a significant impact on the operating temperature of the power 
semiconductors in the inverter.    
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3.3 Thermal Modelling Techniques 
Various techniques have been used to develop a simplified thermal model that can be used 
to estimate the junction temperature of a device. Five of the most common approaches are 
reviewed in the following sections.  
3.3.1 Datasheet Thermal Impedance Model 
Using a thermal impedance to estimate the temperature of a device is well established [63] 
and in the datasheet of most power modules two thermal impedances are defined. These are 
usually presented in the form of an equivalent Foster network and are measured between 
the junction of an IGBT and a diode, and the case directly under the device. This 
measurement is described in [71]. In [60] a single thermal impedance is used to estimate the 
temperature of the IGBTs in a multi-chip power module in which power is applied to all of 
the devices simultaneously. In this instance the thermal impedance is measured in the same 
condition. Therefore, the effect of the thermal coupling between each device is included in 
the single measurement. In this instance the temperature calculated using this thermal 
impedance will never be underestimated. However, this is not an operating condition that is 
found in an inverter.  
 
In an inverter the power loss in each device varies over an output cycle. Therefore, the 
effect of the thermal coupling on the temperature of a device is not constant and cannot be 
modelled by the single thermal impedance in the datasheet. Furthermore, this thermal 
impedance is measured between the junction and the case directly under a device, but in an 
application this case temperature is not accessible. Due to this it is common to assume that 
the temperature measured by the internal thermistor in a power module is the same as the 
case temperature under the device. The impact of this assumption is dependant on the 
operating conditions and the location of the thermistor. To show the potential error of this 
approximation the temperature difference between the thermistor and the case directly 
under an IGBT has been measured when an inverter is operating in a stationary vector 
condition. The measured temperatures are shown in Figure 3.1. These results show that the 
error due to this assumption can be significant and for the operating conditions examined (a 
step in power loss) a temperature difference of 17˚C was observed. These results are similar 
to those presented in [1]. 
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Figure 3.1: Case and thermistor temperature measured in a stationary vector condition 
when a step change in output current is applied to the inverter 
 
Although these results show that this model cannot be guaranteed to protect the devices in 
an inverter operating in a stationary vector condition, it is the common method suggested 
by manufacturers. When using this type of model widespread failures are only prevented by 
the safety margins added to the thermal impedance. These margins are added to account for 
the variations in the manufacturing procedure and to give some overall margin in an 
application, but can result in the temperature being significantly overestimated in other 
operating conditions. For these reasons the datasheet values cannot be used on their own.   
3.3.2 Analytical Solutions 
An analytical solution can be used to calculate the thermal characteristics of a device, but in 
general they are restricted to simple geometries (i.e. a heat spreader or flux channel) with a 
single heat source operating under steady state conditions. In the simplest models the total 
thermal resistance is calculated using the area of heat flow defined by a constant spreading 
angle, which is independent of the geometry and boundary conditions [72, 73]. When using 
this approach it is common to use a spreading angle of 45°. However, this is an arbitrary 
selection and is only correct when a semi-infinite, circular heat spreader is considered [73]. 
The constant angle model can be improved by including some compensation for the 
geometry of the source and heat spreader. In [74-76] this is achieved by calculating the 
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spreading angle using various factors that influence the heat spread. Even so, the accuracy 
of this variable angle approach can be poor.  
 
Alternative methods are based on the solution to the heat equation. Various solutions have 
been developed for a range of simple geometries with specified boundary conditions in 
both rectangular [77-83] and cylindrical coordinates [84-87]. These models give an exact 
solution and allow the temperature to be calculated at any point in the system, but once 
again they are restricted to simple geometries operating under steady-state conditions. This 
makes them unsuitable for an inverter application. Therefore, this type of model will not be 
discussed any further.   
3.3.3 Compact Thermal Models 
The term Compact Thermal Model (CTM) normally refers to a simplified network model 
intended to reproduce the thermal behaviour of a component in a wide variety of operating 
conditions [88-90]. This type of model is primarily used to estimate the temperature of a 
component under steady state conditions (thermal resistor network), although the 
development of dynamic models (thermal resistor and capacitor network) have been 
described [91, 92]. At present, this approach has only been applied to integrated circuits 
and has been primarily used with simulation software to estimate the temperature of 
components on a printed circuit board during the design phase. The thermal network used 
in a compact model consists of several nodes that represent the thermal boundaries of a 
device where a significant heat transfer occurs. An example of a typical steady–state 
compact model is shown in Figure 3.2 [93].  
 
Top outer
Top inner
Leads
  
(a)     (b) 
Figure 3.2: Compact thermal model (a) boundary locations (b) network topology 
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In this instance the network has five cooling boundaries and these include the heat flow 
through the upper surface of the chip (top outer and top inner), lower surface of the chip 
(bottom outer and bottom inner) and the package leads.   
 
The parameters of a CTM are calculated using an optimisation process and the standard 
procedure is described below [94]: 
 
1. Develop a detailed thermal model of a device in a simulation package (e.g. 
Flotherm) and validate this model using test results  
2. Use the simulation model to calculate the junction temperature for a range of 
boundary conditions (e.g. different heat transfer coefficients) 
3. Select a network topology for the compact thermal model 
4. Optimise the network parameters to minimise the error in the estimated junction 
temperature under each boundary condition 
5. Evaluate the accuracy of the model using test or simulations results that are 
different to those used to generate the network parameters 
 
In [91] the accuracy of a compact thermal model was examined for three different package 
styles over a range of boundary conditions and it was shown that the maximum error in the 
estimated junction temperature was 6%. However, a compact thermal model has several 
limitations that prevent them from being applied to a power module. These include the need 
to develop a detailed simulation model of the power module, the complexity of the network 
required to model multiple heat sources and the modification of the network (i.e. the 
addition of the thermal capacitances) to allow the estimation of the transient response.  
3.3.4 Parameter Extraction Network 
In a parameter extraction network the thermal properties of an equivalent network, often 
based on a Cauer network, are calculated using the geometry of a device, its material 
properties and the known heat flow area and volume. An example of how this model is 
developed for a power semiconductor is illustrated in Figure 3.3. In this figure the ceramic 
layer has been divided into two parts and the area, volume and material properties of these 
are used to calculate the parameters of the equivalent Cauer network. In this model the 
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temperature dependency of the materials can be included, i.e. the thermal parameters can be 
variable. This process must be repeated for each layer (e.g. silicon, solder, copper, etc) and 
the complete thermal network can then be constructed by placing each of the Cauer 
networks in series.  
 
 
Figure 3.3: Power device construction and the equivalent Cauer network for one layer 
 
In this example the heat flow in the first few layers is one-dimensional and the effective 
heat flow area and volume of each layer can be easily calculated. However, heat spreading 
occurs in the aluminium case and heatsink. Thus, in order to calculate the network 
parameters for these layers the effective heat flow area must be estimated. 
 
One approach is to use the constant heat flow angle that was described in Section 3.3.2. In 
[95] a Cauer network was developed for the silicon layer of an IGBT using a constant 
spreading angle of 45˚. This network was then used within a circuit simulator to estimate 
the temperature rise during a short circuit event. However, no comparisons were provided 
making it impossible to assess the accuracy of this model.  
 
In [96, 97] the effective heat flow area for the devices in an inverter were calculated using 
the cylindrical heat spreading along the edges, the spherical heat flow at the corners and the 
rectangular heat flow under the device. The area and volume of these elements are used to 
calculate the thermal parameters of an equivalent Cauer network that represents the heat 
flow in the vertical direction. To incorporate the lateral heat spread, additional thermal 
resistors are connected between each of the vertical networks at the ceramic and case 
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nodes. The method used to calculate the value of these resistors is described in [98]. This 
model was validated for a single IGBT by comparing the estimated and measured 
temperature during a short heating period (less than 10ms). In these comparisons the 
estimated temperature was shown to be in agreement with the measured response. 
However, this comparison ignores the impact of the thermal coupling between the devices 
and the effect of the longer time constants associated with the case of the power module. 
Therefore, it is not clear if the coupling resistors are capable of modelling the thermal 
coupling between the devices in an inverter application. In [99] the same approach was 
applied to a silicon carbide power module with four devices. In this model all of the devices 
are operated in parallel and it is assumed that the power loss in each device is identical. 
Therefore, a reflective boundary is defined between the devices. This allows the 
temperature to be estimated using a single Cauer network with no coupling resistors, but 
once again this cannot be applied to an inverter.  
 
From the review of the parameter extraction models two areas have been identified that 
make it difficult to develop this model for an inverter: 
 
a) Calculating the effective heat flow area under different operating conditions 
b) Modelling the thermal coupling between the devices in the power module 
 
Although possible solutions to these problems have been discussed, insufficient 
comparisons have been provided to assess the suitability of this technique.  
3.3.5 Thermal Impedance Matrix 
The thermal impedance matrix is based on the principle of linear superposition. For heat 
conduction this principle states that the total temperature response at a given place and time 
due to one or more heat sources is the same as the sum of the responses if each heat source 
is treated individually. In Figure 3.4 the concept of superposition is illustrated using the 
temperature measured along the upper surface of a simple heat spreader with two heat 
sources. In this example the temperatures measured when a power loss (P) is applied to a 
single source are:  
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(a)           (b) 
Figure 3.4: Principle of superposition applied to heat conduction (a) heat spreader with two 
heat sources (b) temperature measured on the upper surface 
 
T11 = temperature of device 1 when a power loss is applied to device 1 
T22 = temperature of device 2 when a power loss is applied to device 2 
T12 = temperature of device 1 when a power loss is applied to device 2 
T21 = temperature of device 2 when a power loss is applied to device 1 
 
The temperatures measured when the power loss is applied to both sources simultaneously 
are:  
 
T1 = T11 + T12 = temperature of device 1 when a power loss is applied to device 1 and 2 
T2 = T22 + T21 = temperature of device 2 when a power loss is applied to device 1 and 2 
 
For transient conditions these temperatures can be represented in the form of a matrix 
containing the transient thermal impedance (Zth). Therefore, taking a system with n heat 
sources the temperature of each device can be calculated using: 
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The thermal impedance matrix consists of the self and mutual thermal impedances. The self 
thermal impedance (diagonal elements) represents the temperature rise of a device due to 
its own power loss, whereas the mutual thermal impedance (off diagonal elements) 
represents the temperature rise of a device when the power loss is applied to another device 
in the power module. These thermal impedances can be measured or derived from 
simulation results, but to use superposition it must be assumed that they are linear. 
However, in practice there are several non-linear effects, including the temperature 
dependency of the materials and the effect of cooling via convection and radiation. If there 
are significant non-linear effects the thermal impedances can be made linear by defining 
them at a chosen operating point, normally this is the condition that gives the highest 
steady-state temperature [100]. To implement the matrix the thermal impedance is often 
represented by a Foster network since they can be easily applied in a microprocessor. The 
number of elements selected in these networks has a direct impact on the number of 
calculations that must be performed and this has been discussed in [101].  
 
The thermal impedance matrix has been used in a wide variety of applications and was first 
applied to a multi-chip power module in [102]. It was then used to model the impact of the 
thermal coupling (i.e. the mutual thermal impedance) in an IGBT module operating as an 
inverter [103, 104]. In [105] the method used to construct a complete thermal impedance 
matrix for a commercially available IGBT module was described. This model was then 
used to compare the estimated and measured temperature of the IGBTs and diodes in an 
inverter operating with a load profile representative of an electric vehicle [106]. Further 
comparisons of a thermal impedance model with measured or simulation results have been 
shown in [107-109]. Overall, these comparisons show that a thermal impedance matrix can 
be used to estimate the steady-state or transient temperature of one or more devices in an 
inverter.   
 
In each of the above papers the temperature was calculated off-line using the complete 
thermal impedance matrix with n2 elements. However, to implement the complete model in 
real-time a significant computational resource would be required and as of yet this is not 
available in a commercially available drive. Consequently, the thermal impedance matrix 
must be simplified and a potential method was identified in [1]. In this model the number of 
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terms in the matrix was reduced using a near neighbour approach, where only the mutual 
thermal impedance between a device and its nearest neighbour(s) were considered. 
Furthermore, the thermal impedances used in this model were measured between the 
junction of an IGBT or diode and the internal thermistor. This model was compared with 
temperature measured in a stationary vector condition over a full output cycle of the 
inverter. This comparison was used to highlight the significant impact that the thermal 
coupling can have on the device temperature.  
 
The main advantages of the thermal impedance matrix are that all of the thermal coupling 
between devices and the effect of the thermistor position are inherently included. In 
addition, no material properties are required to generate the model and as long as the heat 
transfer is dominated by conduction, the same approach can be applied to any device or 
configuration. However, to develop this model it must be possible to measure the transient 
temperature response of every device in the power module, and this is not straightforward 
when using encapsulated power modules.      
3.3.6 Summary of the Thermal Models 
The key features of the thermal models that were reviewed in sections 3.3.1 to 3.3.5 are 
summarised in Table 3.1. Apart from the ability to model the basic heat flow, the key 
requirement for the thermal model for an inverter is the ability to model the thermal 
coupling between each device. From this summary it is clear that only the parameter 
extraction network and the thermal impedance matrix can be used.  Therefore, to select the 
model that is best suited to an inverter both of these techniques are used to develop a 
thermal model for a simple heat spreader. The process used to develop these models and a 
comparison with simulation results are presented in the next section.    
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Table 3.1: Key features of the thermal models 
 
Datasheet 
Model  Analytical  Compact
1
 
Parameter 
Extraction 
Network 
Thermal 
Impedance 
Matrix 
Temperature Estimation      
 Steady-state Yes Yes Yes Yes Yes 
 Transient Yes No Possible Yes Yes 
 Internal nodes No Yes No Yes No 
Temperature Feedback      
 Ambient No Yes Yes Yes Yes 
 Case Yes No No Yes Yes 
 Internal thermistor No No No Possible Yes 
Multi-chip Device      
 
Thermal coupling  No No Possible Yes Yes 
Non-Linear Effects      
 
Material properties No Yes No Yes No 
 
Material degradation No No No Possible No 
 
Cooling conditions No Possible Yes Possible No 
Model Generation       
 Measurements Yes No Yes  No Yes 
 Material properties No Yes No Yes No 
Applications      
 Simple heat spreader N/A Yes Yes Yes Yes 
 Integrated circuits N/A No Yes Yes Yes 
 Power module Yes No Possible Yes Yes 
 
1 The term compact model is commonly used in the literature to specifically describe network models used to 
estimate the junction temperature of an integrated circuit, although the term compact applies to any simplified 
or reduced order model.  
Note: Table entries indicate the characteristics that can be included in a model initially developed to estimate 
the junction temperature of a device and are based on a review of models implemented in the literature. 
Where the inclusion of a characteristic is indicated as possible a method has been discussed but not 
implemented.       
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3.4 Comparison of the Parameter Extraction and Thermal Impedance Models 
In this section the parameter extraction and thermal impedance models are compared using 
the simple heat spreader shown in Figure 3.5. Two different conditions are examined, one 
where the flow of heat is restricted to the area directly under the source (one-dimensional 
heat flow) and another where the heat is allowed to spread.  
 
1
0
m
m
   
10mm
100mm
Cooling Boundary (Constant Temperature)
HS
 
(a)            (b) 
Figure 3.5: Heat spreader with a single heat source and a constant cooling boundary (a) restricted 
heat flow (b) heat spread 
 
For this comparison arbitrary material properties have been selected for the heat spreader 
and these are:  
 
• Thermal conductivity (k) = 10 W/K.m 
• Mass density (ρ) = 800Kg/m3 
• Specific heat (c) = 1600J/K.Kg 
 
To calculate the thermal resistance and capacitance in the equivalent Cauer network 
(parameter extraction) the heat flow area and volume must be known. For the case where 
the heat flow is one-dimensional the area (assuming a uniform heat source) is equal to the 
area of the source. This applies at any height (Y axis). Therefore, for a unit depth (Z axis) 
the heat flow area is 0.01m2. In this comparison the heat spreader is divided into six 
sections and the thermal resistance and capacitance of each section is shown in Table 3.2. 
When the heat is allowed to spread the heat flow area is approximated by a constant angle 
(αHS=36˚). In this instance the angle has been selected so that the total thermal resistance is 
the same as the simulation results, this is a combination of the curve fitting and parameters 
extraction techniques. This approach is only possible if the thermal resistance is known.  
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Table 3.2: Thermal Resistance and Capacitance for a Cauer network 
Restricted Heat Flow Heat Spread Height 
(mm) Resistance (K/W) Capacitance (J/K) Resistance (K/W) Capacitance (J/K) 
0-1 0.01 12.8 0.00932 13.73 
1-2 0.01 12.8 0.00821 15.59 
2-4 0.02 25.6 0.01390 36.76 
4-6 0.02 25.6 0.01158 44.19 
6-8 0.02 25.6 0.00992 51.64 
8-10 0.02 25.6 0.00867 59.07 
 
For the thermal impedance model the parameters of an equivalent Foster network are 
calculated by curve fitting the characteristic of the network to the transient thermal 
impedance determined from the simulation of the heat spreader in Flotherm. For this model 
the same approach is used for both conditions. The parameters (thermal resistance and time 
constant) of a forth order network (four network elements) are shown in Table 3.3.   
 
Table 3.3: Thermal Resistance and Capacitance for a Foster network 
Restricted Heat Flow Heat Spread Network 
Element Resistance (K/W) Time constant (s) Resistance (K/W) Time constant (s) 
1 0.01 4.90 0.010 5.30 
2 0.01 5.60 0.012 0.15 
3 0.03 1.00 0.020 4.00 
4 0.05 0.12 0.020 1.25 
 
The transient thermal impedance calculated using the Cauer and Foster networks are 
compared with the simulation results in Figure 3.6. From these results it can be seen that 
the response of the Foster network and the simulation results are in agreement. However, 
the response of the Cauer network is much slower during the initial rise. For the one-
dimensional heat flow this effect is caused entirely by the use of lumped parameters and 
can be reduced by increasing the number of elements in the network. When heat spreading 
occurs, it is assumed that the effective heat flow area at any depth is constant with time and 
that this area increases linearly in the direction of heat flow (i.e. this uses the constant angle 
model). However, neither of these assumptions is true and both have a significant impact on 
the transient response. From the results shown in Figure 3.6(b) it is clear that when using a 
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constant heat flow angle the estimated temperature rise is initially much slower than the 
simulation response, although due to the calculation of the heat flow angle the steady state 
impedance is the same.   
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      (a)            (b) 
Figure 3.6: Thermal impedance (a) restricted heat flow (b) heat spread 
 
This simple comparison highlights the difficulty in developing an accurate model using the 
parameter extraction technique, especially when heat spreading occurs. Furthermore, in this 
instance the heat flow angle has been selected from the known thermal resistance. If an 
angle of 45˚ was selected the heat flow area would have been larger causing an 
underestimation of steady-state temperature. This is shown in Figure 3.7. In this figure the 
thermal resistance at the upper surface of the heat spreader (i.e. the sum of the resistance in 
the Cauer network) is calculated using the full analytical solution for a rectangular heat 
spreader, the variable angle model and the constant angle model.  
 
From the results presented in this section it is clear that when using a parameter extraction 
model it is very difficult to achieve the required accuracy. This will become more evident if 
the model is applied to a power module with multiple layers of different materials.  
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Figure 3.7: Comparison of the temperature profile and thermal resistance 
 
In contrast, curve fitting a Foster network to the measured thermal impedance provides a 
good approximation of the thermal characteristics and by using linear superposition the 
same approach can be applied to a multi-chip device. Therefore, of the models reviewed in 
this chapter the thermal impedance matrix is the only model that can achieve the required 
accuracy and be implemented efficiently in a microprocessor.        
3.5 Summary 
In this chapter five methods that can be used to develop a thermal model have been 
reviewed. From this review it is clear that the parameter extraction network and thermal 
impedance matrix can be applied to a multi-chip power module. Therefore, these models 
were compared using a simple heat spreader. This comparison showed that when heat 
spreading occurs, calculating an effective heat flow area is very difficult and the 
approximations used in this calculation can lead to a significant error. In contrast the 
parameters of the thermal impedance matrix can be calculated easily by curve fitting the 
response of a Foster network to the measured thermal impedance. Furthermore, the effect 
of the thermal coupling between each device and the location of the thermistor is included. 
The main disadvantage of the thermal impedance matrix is that it must be possible to 
measure the temperature of every device in the inverter and a number of measurements 
must be performed, which can be time consuming.                                                                 .                                                                               
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Chapter 4:  Development of a Thermal Model  
 
 
4.1 Introduction 
The power semiconductors in the inverter stage of a typical industrial drive are often 
operated close to their maximum temperature during an overload or if the inverter is 
operating at a low output frequency. Therefore, to ensure the drive is reliable the 
temperature of these components must be monitored to prevent them from overheating as 
this can lead to an instant failure of the component, or a reduced lifetime. However, the 
junction temperature (Tj) of the power semiconductors cannot be measured directly. 
Therefore, the temperature rise between the junction of a device and a measured reference 
temperature (Tref) has to be estimated using a real-time thermal model. In this work, a 
general thermal model is developed to protect the six IGBTs and freewheeling diodes in an 
inverter. As shown in Figure 4.1, a real-time thermal model based on the full thermal 
impedance matrix and the measured instantaneous phase currents could be used to calculate 
the temperature between the junction of each device and the measured reference 
temperature.      
 
 
Figure 4.1: Thermal model implemented in the time domain using the instantaneous phase 
currents to calculate the temperature of every device in the inverter 
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However, to implement this type of model a considerable number of calculations must be 
performed by the microprocessor during each sample period, and since these are carried out 
in the time domain, the sample rate must be high enough to prevent aliasing when the 
inverter is operating at high output frequencies. To achieve this, a significant computational 
resource is required and as yet this is not available in a commercial drive control system. In 
this chapter an alternative model is proposed which is based on the calculation of the peak 
steady-state junction-to-reference temperature in the frequency domain. In a steady-state 
operating condition, this type of model will not be affected by aliasing and can be 
implemented using a moderate sample frequency. Furthermore, to protect all of the devices 
in the inverter it is only necessary to calculate the peak temperature of the hottest IGBT and 
diode. In the frequency domain model shown below, the current magnitude and output 
frequency are used in place of the three instantaneous phase currents.  
 
Thermal Model
Current magnitude (|i|)
Switching frequency (Fsw)
Modulation depth (m)
Displacement angle (θ)
DC link voltage (VDC)
Hottest IGBT and 
diode junction 
temperature (Tj-ref)
2
Output frequency (Fout)
Reference temperature (Tj)
 
Figure 4.2: Thermal model implemented in the frequency domain using the magnitude of 
the phase current and output frequency to calculate the temperature of the hottest IGBT and 
diode in the inverter  
 
In this model, the magnitude of the output current is used to calculate the temperature 
between the junction of a device and the measured reference temperature over a complete 
output cycle of the inverter (1/Fout). This temperature is represented by a series of frequency 
components, including the DC component (0Hz), the fundamental of the output frequency 
and a number of harmonics terms. These frequency components are used to calculate the 
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steady-state temperature of the hottest IGBT and diode at every sample. Therefore, the 
output of the steady-state model is the temperature that would occur if the input parameters 
were held constant over a period of time. The steps used to develop the steady-state model 
are summarized below:  
 
1. Determine the power loss of a device over a complete output cycle due to its 
switching characteristics and represent this loss as a series of frequency 
components. For the switching loss, these components are dependant on the current 
magnitude, switching frequency and DC link voltage. 
2. Apply the frequency components for the switching loss to an equivalent Foster 
network and calculate the resulting temperature rise in the frequency domain.  
3. Determine the power loss of a device over a complete output cycle due to its 
conduction characteristics and represent this loss as a series of frequency 
components. For the conduction loss, these components are dependant on the 
current magnitude, modulation index and the angle between the fundamental output 
voltage and current (displacement angle).  
4. Apply the frequency components of the conduction loss to an equivalent Foster 
network and calculate the resulting temperature rise in the frequency domain.   
5. Combine the frequency components for the switching and conduction loss. 
6. Use the magnitude and phase of the combined frequency components to calculate 
the peak steady-state temperature between the junction of the device and the 
measured reference temperature.     
 
The frequency components used to calculate the steady-state temperature response over a 
complete output cycle of the inverter are developed in Section 4.2. The frequency 
components are divided into those representing the temperature rise due to the switching 
loss (steps 1 and 2), which is covered in Section 4.2.2, and the conduction loss (steps 3 and 
4), covered in Section 4.2.3. The calculation of the peak temperature (steps 5 and 6) 
between the junction and reference is described in Section 4.3.  
 
Throughout the development of the steady-state thermal model, the frequency components 
used to represent the power loss and duty cycle are selected to minimize the number of 
Chapter 4: Development of a Thermal Model 
 
64 
calculations required to estimate the device temperature. In this process care is taken to 
ensure that the temperature calculated using the self thermal impedance of a device is never 
underestimated. However, in many operating conditions it is the thermal model for the 
inverter that restricts the maximum performance of a drive. Thus, care must also be taken to 
prevent excessive overestimation of the device temperature since this can lead to a 
reduction in the maximum output current available from the inverter and ultimately an 
uncompetitive product. The impact of any approximations made during the development of 
the frequency model is investigated in Section 4.4.  
 
In addition to the steady-state temperature it is important that the thermal model is capable 
of estimating the transient response due to changes in power loss or output frequency. The 
transient model is developed from the steady-state model and is described in Section 4.5.  
4.2 Steady-State Thermal Model Development 
The thermal model developed in this chapter is based on the calculation of the steady-state 
temperature over a complete output cycle of the inverter. This calculation is carried out in 
the frequency domain. Therefore, the first step in the procedure is to calculate the frequency 
components for the power loss due to the switching and conduction losses in an IGBT and 
diode. These losses are related to the current flowing in a device and in the next section, 
this current is approximated by a number of frequency components. These frequency 
components are then used to develop the switching and conduction loss models. 
4.2.1 Frequency Components of the Current in an IGBT and Anti-Parallel Diode 
In an inverter the IGBTs are switched to control the magnitude of the voltage applied to a 
motor and as a result, the current in a device is discontinuous. However, the sum of the 
current in an IGBT and the complementary anti-parallel diode is equal to the positive 
(upper IGBT and lower diode) or the negative (lower IGBT and upper diode) phase current 
(IL). Thus, in order to represent the current in the frequency domain, it is assumed that the 
phase current flowing in an IGBT and anti-parallel diode is a half-wave rectified sinusoid. 
This concept is illustrated in Figure 4.3. 
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Figure 4.3: Phase current in an IGBT and an anti-parallel diode 
 
The frequency components for the phase current in these devices can be expressed by the 
Fourier series:           
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and for a half-wave rectified sinusoid, the Fourier coefficients are as follows: 
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As the number of harmonics (n) in the Fourier series is increased, the response of the 
Fourier series will become a more accurate representation of the original current waveform 
in the time domain, although more calculations must be performed by the microprocessor. 
Therefore, to develop a thermal model that can be implemented using the available 
computational resources the load current is approximated using only three Fourier 
coefficients, these are a0, a2 and b1. Thus, in this model the phase current flowing in an 
IGBT and the anti-parallel diode is approximated by:   
 
 ( ) ( )





−+= ttItI LL ω
pi
ω
pi
ω 2cos
3
2
sin
2
11
ˆ)(      (4.5) 
 
The impact of this approximation is investigated later in this section. To model the current 
in an upper and lower device in the same phase or the devices in other phases of the 
inverter an offset angle (α) is required. In addition, to develop the model for the conduction 
loss, the displacement angle (θ) must also be included. This angle defines the relationship 
between the applied voltage, which is directly related to the duty cycle of a device, and the 
resultant output current. Including these angles, the phase current is represented by:  
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By definition, for the device being modelled (α=0), the peak phase voltage occurs when 
ωt=pi/2. The current in this device (IL) is referenced to this point by the displacement angle, 
i.e. the current is in phase with the voltage when the displacement power factor cos(θ) is 
unity. The output voltage and the corresponding current in the other devices is then 
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referenced to the modelled device by the offset angle (α), i.e. there is 120° between the 
peak voltage in each phase and 180° between the upper and lower devices.  
4.2.2 Switching Loss Model  
To develop a frequency model for the switching loss, the power loss due to the switching 
energy is defined as the average power loss (Psw) over a switching period (1/FSW). For an 
IGBT, this loss is dependant on the switching energy when the device is turning on (Eon) 
and off (Eoff). For a diode the only significant switching energy is due to the reverse 
recovery (Erec) as the diode is turning off. The definition of the switching loss for an IGBT 
and diode is illustrated in Figure 4.4.  
 
          
(a)               (b) 
Figure 4.4: Switching power loss over a switching frequency cycle (a) IGBT (b) diode  
 
In this approximation it is assumed every device switches on and off during each switching 
period and there is no significant temperature ripple due to the peak loss that occurs when 
the devices are actually switching, i.e. the effect of the instantaneous power loss is filtered 
by the thermal time constants. Using this approach, the peak switching loss (
swPˆ ) is defined 
as the power loss calculated when the device switches the peak phase current. For an IGBT 
the peak switching loss (averaged over the switching period) is given by: 
 
 ),,ˆ(),,ˆ(ˆ dcjLoffswdcjLonswsw VTIEFVTIEFP +=     (4.7) 
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and for a diode:  
   
 ),,ˆ(ˆ DCjLrecswsw VTIEFP =        (4.8) 
 
To represent the switching loss over the entire output cycle of the inverter (ωt = 0 to 2pi) it 
is assumed that the switching loss is proportional to the phase current. This allows the 
switching loss to be approximated using the same frequency components:  
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However, the switching energy in a device is not directly proportional to the phase current 
and the actual switching loss will not be sinusoidal. This is shown in the Figure below.  
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Figure 4.5: Comparison of the measured and approximated switching loss for an IGBT and 
diode over a complete output cycle of an inverter (1 PU = peak IGBT power loss)  
 
In this figure, the switching loss calculated using the measured characteristics from an 
actual device is compared with the sinusoidal approximation (with the same peak value) 
over a complete output cycle. Apart from the peak switching loss, the power loss estimated 
by the sinusoidal approximation for the IGBT and diode is higher than the measured loss. 
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As a result, the device temperature will be overestimated. However, the power loss is 
approximated by only three Fourier coefficients (Equation 4.9) and this simplification will 
introduce an additional error. To show the effect of this approximation, the power loss 
calculated using the frequency model is compared directly with the sinusoidal 
approximation, i.e. the response of the frequency model if all of the harmonic terms (n =1 
to ∞) could be used. A comparison is shown in Figure 4.6(a) and the difference between 
these responses (sinusoidal – frequency model) can be seen in the Figure 4.6(b).  
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(a)       (b) 
Figure 4.6: Device switching loss calculated over a complete output cycle of the inverter (a) 
response of the sinusoidal and frequency model (b) the difference between the frequency 
and sinusoidal response (1 PU = peak sinusoidal switching loss) 
 
From the comparison it is evident that power loss calculated by the frequency model can be 
negative. This is highlighted in Figure 4.6(b). In this figure a positive value indicates that 
the magnitude of the frequency model is smaller than the sinusoidal approximation, i.e. the 
instantaneous power loss is underestimated. However, the output of the thermal model is 
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the peak steady-state junction-to-reference temperature and the negative power loss will 
have little effect on the estimated temperature of a single device. Although, when frequency 
components from neighbouring devices are combined the negative power loss could be 
aligned with the peak loss in one of the other devices. In this instance the negative power 
loss will reduce the estimated temperature. Furthermore, the peak loss in the frequency 
model is 3% higher than the sinusoidal approximation and this will have a direct impact on 
the temperature estimated at low output frequencies.  
 
To improve the approximation of the power loss, the magnitude of the Fourier coefficients 
in Equation 4.9 (a0 and a2) are modified in order to remove the negative power loss and the 
peak error. The additional component (AP) added to the initial frequency model is:  
 
 ( ) ( ) ( )[ ]αθωω 222cosˆ)( +++= tAAPtA acpDCpswp     (4.10) 
 
The constants used in this equation were determined from the inspection of the error 
characteristics. The chosen magnitude for these constants is:  
 
Ap(DC)  = 0.048 
Ap(ac)  = 0.077 
 
The response of Equation 4.10 is shown in Figure 4.6(b). By combining Equations 4.9 and 
4.10, the switching loss in a device is approximated by:  
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As shown in Figure 4.6(a), when compared to the initial sinusoidal approximation, the 
switching loss estimated by Equation 4.11 (Frequency model + Ap) is never underestimated 
and the peak value in both responses is identical. This equation is used in the following 
section to calculate the temperature response of a device due to its switching characteristics.    
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4.2.2.1 Temperature Response 
The methods that can be used to represent the thermal characteristics of a device in a power 
module were reviewed in Chapter 3. In this review it was shown that the simplest method is 
to use the measured or calculated thermal impedance in the form of an equivalent Foster 
network. The characteristics of this network can be easily implemented in a microprocessor 
and by using linear superposition the thermal coupling from any neighbouring devices can 
be included. The response of a Foster network element (first order filter) in the Laplace 
domain is given by:   
 
 ( )s
R
sZ thth τ+
=
1
)(         (4.12) 
 
To calculate the temperature response due to the switching loss (Tsw) the following 
equation must be solved: 
 
 )()()( sZsPsT thswsw =         (4.13) 
 
The complete solution for this equation is shown in Appendix A. In the steady-state, the 
device temperature is given by: 
 
 )()( tTTtT rippleDCsw +=        (4.14) 
 
With a fixed power loss the temperature rise due to the steady-state DC component (TDC) 
will be constant. However, the ripple temperature (Tripple) is the sum of the frequency 
components and the magnitudes of these components are dependant on the output 
frequency of the inverter. For example, if the general sinusoid term:  
  
)sin()(sin tnAtA n ωω =        (4.15) 
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is applied to a first order filter the magnitude of the output response is reduced by the filter 
magnitude AFn and is phase shifted by the angle βn. Therefore, the output of the filter is 
given by: 
   
 )sin()()sin( nFnnFilter tnAAtA βωω +=       (4.16) 
 
where 
  
 ( )21
1
ωτn
AFn
+
=         (4.17) 
 
and 
 
 ( )ωτβ nn 1tan −−=         (4.18) 
 
The fundamental and harmonic terms for the ripple temperature due to the switching loss in 
a device (solution of Equation 4.13), including the effect of the filter element on the 
magnitude and phase shift of these components, are shown in Table 4.1.  
 
As discussed, where possible any overestimation of the temperature should be avoided 
since this will have a direct impact on the maximum output current that can be achieved. As 
the output frequency is increased the contribution from the harmonics is reduced and the 
term Ap is no longer required. Therefore, the constant Ap(DC), which was added to ensure 
that the peak junction-to-reference temperature is correct at a low output frequency, is itself 
multiplied by the magnitude of a first order filter (Equation 4.17) calculated for a first 
harmonic term (n=1). Thus, as the output frequency is increased the magnitude of the DC 
component in the frequency model tends towards the calculated Fourier coefficient a0 (i.e. 
1/pi). This approximation prevents the temperature from being overestimated at higher 
output frequencies. As shown in Table 4.1, the constant Ap(ac) is naturally reduced by the 
filter associated with the second harmonic (AF2). 
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Table 4.1: Frequency components of the temperature rise due to the device switching loss 
Frequency  
Component Magnitude 
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Once calculated, the sine and cosine components for the fundamental and second harmonic 
can be combined into a single term and the ripple temperature can be calculated using:  
   
 )22cos()cos( 2211)( σωσω +++= tAtAT swswswripple     (4.19) 
 
where,  Asw1 and Asw2 are the combined magnitude of the sine and cosine components in the 
fundamental and second harmonic terms and σn is the resulting phase shift. This process 
can be used to combine the frequency response for any number of devices (self and mutual) 
or network elements. Therefore, the ripple component of the temperature response due to 
the switching loss in multiple devices can be represented by just two frequency 
components; this concept is described in more detail in Chapter 5.  
4.2.2.2 Comparison of the Temperature Response 
To compare the temperature response, the frequency components for the switching loss 
model (Table 4.1) are implemented in Matlab. This is compared with the temperature 
calculated using the sinusoidal approximation. The response of this model is calculated 
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using Simulink and the basic model for a single device and Foster network element is 
shown in the figure below:   
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Figure 4.7: Sinusoidal switching loss model 
 
This model allows the power loss ( swPˆ ), output frequency (ω=2piFout) and the offset angle 
(α) along with the thermal resistance (Rth) and the time constant (τ) of the network element 
to be defined. The temperatures calculated using the frequency model (Matlab) and the 
sinusoidal approximation (Simulink) are compared using the following parameters: 
 
• Rth   = 1K/W 
• τ     = 1s 
• Psw  = 20W 
• ω    = 0.628 radians/s or Fout = 0.1Hz 
• α    = 0 radians 
 
The steady-state temperatures calculated using these parameters are compared in Figure 
4.8(a). As intended, the temperature estimated by the frequency model is never lower than 
the sinusoidal response and the peak temperatures are identical. However, if the factor Ap 
was ignored, the peak temperature calculated using the frequency model would have been 
higher than the sinusoidal response. This effect can be seen in Figure 4.8(b). Although the 
temperature is initially overestimated by the frequency model without Ap, the results show 
that as the output frequency is increased the peak magnitude of this model tends towards 
the peak of the sinusoidal response. This is caused by the reduction in the magnitude of the 
higher harmonic terms that have not been included in the frequency model. 
Chapter 4: Development of a Thermal Model 
 
75 
0
4
8
12
16
20
0 5 10 15 20
Time (s)
Te
m
pe
ra
tu
re
 
(°C
)
Sinusoidal Model (Simulink) 
Frequency Model (Matlab)
Peak steady-state 
temperature
Tripple
 
0.5
0.6
0.7
0.8
0.9
1
1.1
0 0.05 0.1 0.15 0.2 0.25
Output Frequency (Hz) 
Te
m
pe
ra
tu
re
 
(P
U
)
Sinusoidal Model (Simulink)
Frequency Model without Ap (Matlab) 
Frequency Model with Ap (Matlab)
 
(a)       (b) 
Figure 4.8: Comparison of the (a) temperature response for the sinusoidal and frequency 
models at an output frequency of 0.1Hz (b) maximum temperature verses output frequency  
 
In summary, the frequency components developed in this section allow the steady-state 
temperature response of a Foster network element to be calculated in the frequency domain 
when the switching loss of either an IGBT or diode is applied. However, the impact of the 
conduction loss on the temperature response cannot be ignored and the frequency 
components for this model are developed in the following sections.       
4.2.3 Conduction Loss Model 
The conduction loss in a device is dependant on the current, displacement angle (θ) and the 
modulation index (m). However, to develop the conduction loss model, it is initially 
assumed that the current in a device is sinusoidal (not discontinuous) and the device 
conducts for the entire switching period, i.e. the duty cycle (δm) is unity. Therefore, under 
this condition, the power loss can be derived in a similar way to the switching loss and will 
have the same form as Equation 4.11: 
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where conPˆ  is the peak conduction loss. For an IGBT this loss is given by:    
 
 ),ˆ(ˆˆ jLCELcon TIVIP =         (4.21) 
 
or for a diode:  
 
 ),ˆ(ˆˆ jLFLcon TIVIP =         (4.22) 
 
However, in order to generate the required output voltage the on-time (ton) of each IGBT in 
the inverter is modulated and the duty cycle for a device must vary over an output cycle. 
This modulation will have a significant impact on the average conduction loss over a 
switching period. This is illustrated in the figure below.  
 
 
Figure 4.9: Conduction power loss over a switching frequency cycle 
 
The average power loss over a switching period (Pcon) is dependant on the conduction loss 
calculated for a unity duty cycle and the actual on-time of the device. For a switching 
frequency cycle, the duty cycle can be defined as:  
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 onswm tF=δ          (4.23) 
 
and the average conduction loss over a switching period can be calculated using:  
 
  )1( == mconmcon PP δδ         (4.24) 
 
The temperature rise due to the conduction loss in a device is given by:   
  
 )()()( sZsPsT thconcon =        (4.25) 
 
In order to solve Equation 4.25, a modulation scheme must be chosen and the resulting duty 
cycle must be represented by its frequency components. This selection is described in the 
next section.  
4.2.3.1 Modulation Schemes  
Possible modulation schemes were briefly reviewed in Chapter 2. In a modern drive, the 
most common modulation scheme is Space Vector Modulation (SVM). As described, this 
scheme is based on switching the IGBTs in the inverter to produce eight unique output 
vectors (voltage) and by simply changing the time spent at each vector an output voltage 
with any magnitude (limited by the DC bus voltage) or angle can be produced. Variations 
of the SVM are based on the selection of the null vectors and a number of different 
techniques are compared in [7]. The most popular of these is the Alternating-Reversing 
(Alt-Rev) sequence. In this scheme, the null vectors are alternated in each sequence and 
then reversed. When using SVM the duty cycle cannot be calculated using a closed form 
expression and six equations are required to calculate the duty cycle over the complete 
output cycle of the inverter. Thus, to calculate the frequency components an approximation 
of this scheme is required. Prior to the advent of SVM, the third harmonic modulation 
scheme was popular due to the increased bus utilisation when compared to a sinusoidal 
modulation [110]. In this scheme the duty cycle is calculated using a sine wave modulation 
with a third harmonic component:    
Chapter 4: Development of a Thermal Model 
 
78 
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5.0 αωαωδ ++++= tmtmm     (4.26) 
  
The duty cycle calculated using the third harmonic and SVM (Alt-Rev) schemes are 
compared in Figure 4.10(a). From this comparison it is evident that the duty cycle for both 
schemes is similar.  
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(a)        (b) 
Figure 4.10: Comparison of modulation schemes with a unity modulation index (a) SVM 
(Alt-Rev) and third harmonic (b) third harmonic and sinusoidal approximation   
 
If the third harmonic modulation scheme is used to calculate the frequency components for 
the conduction loss, the solution will have five harmonic terms (i.e. the DC, 1st and 2nd 
harmonics in Equation 4.20 combined with DC, 1st and 3rd harmonics in Equation 4.26). 
Thus, when compared to the switching loss more calculations must be performed to 
estimate the corresponding temperature rise. Therefore, to simplify the model the 
modulation scheme used to calculate the temperature rise due to the conduction loss is:  
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This approximation is based on the third harmonic modulation scheme shown in Equation 
4.26, but the magnitude of the third harmonic term is added to the DC term, i.e. the duty 
cycle only has a fundamental and DC component. As with the switching loss model, to 
avoid overestimating the conduction loss at high output frequencies, the magnitude of the 
additional DC term is multiplied by the magnitude of a first order filter (Equation 4.17) and 
in this instance, this is calculated for a third harmonic term (n=3).  
 
The duty cycle calculated using Equation 4.27 (sinusoidal modulation + DC) is shown in 
Figure 4.10(b). As intended, the duty cycle calculated using this approximation is always 
higher than the third harmonic scheme. Although, if the modulation index is high when the 
output frequency is low the peak duty cycle can be greater than unity, which by definition 
is an impossible operating condition. Consequently, the temperature rise due to the 
conduction loss can be significantly overestimated. However, this is not a common 
operating condition for a drive running a motor (low output frequency = low output voltage 
= low modulation index). Even so, the accuracy of the model can be improved by limiting 
the maximum temperature using:  
 
 ( )mRPT thconcon 5.05.0ˆ +≤        (4.28) 
 
This equation is based on the calculation of the maximum steady-state temperature when 
operating in a stationary vector condition with a unity displacement power factor, i.e. the 
temperature calculated when the loss in the device is at its maximum.  
4.2.3.2 Steady-State Temperature Response 
The full solution for Equation 4.25 is shown in Appendix A. The steady-state frequency 
components for the conduction loss model are shown in Table 4.2. These can be used to 
calculate the temperature rise of an IGBT or diode with any displacement power factor or 
modulation index; although for an anti-parallel diode the duty cycle is normally defined as:  
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Table 4.2: Frequency components for the device conduction loss 
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 )()( 1 IGBTmDiodem δδ −=         (4.29) 
 
However, unlike the standard modulation schemes, the DC component in Equation 4.27 is 
greater than 0.5. Thus, only the fundamental component in this equation is made negative: 
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Therefore, to calculate the temperature of a diode using the equations outlined in Table 4.2, 
the modulation index (m) must be defined as a negative value, while the term m(DC) remains 
positive for an IGBT or diode. As with the switching loss model, the magnitude of the sine 
and cosine components for each harmonic can be combined into a single term. Thus, the 
ripple temperature due to the conduction loss is given by: 
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4.2.3.2.1 Comparison of the Temperature Response 
The equations developed for the conduction loss (Table 4.2) are implemented in Matlab and 
the response of this model is compared with the sinusoidal approximation, which is 
calculated using Simulink. The model used for the conduction loss comparison is shown in 
Figure 4.11. To compare the temperature response the duty cycle in this model is calculated 
using the standard third harmonic modulation scheme given in Equation 4.26. The 
operating parameters used in this comparison are the same as those used to compare the 
switching loss models in Section 4.2.2.2, although for the conduction loss model the 
following displacement power factor and modulation index are used:  
 
• DPF = 0.707 (lagging) 
• m  = 0.5  
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Figure 4.11: Sinusoidal conduction loss model 
 
In an inverter the maximum conduction loss will occur when a device conducts the peak 
current for the maximum length of time. For an IGBT this occurs when the displacement 
power factor (DPF) is unity. However, as shown by Equation 4.29, in this condition an anti-
parallel diode will only conduct for a short period. Therefore, unlike the switching loss, the 
chosen operating conditions will have a different impact on the temperature response of an 
IGBT and diode. The comparison of the steady-state temperatures are shown below: 
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    (a)                        (b) 
Figure 4.12: Temperature response of the sinusoidal and frequency models with an output 
frequency of 0.1Hz (a) IGBT (b) anti-parallel diode  
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As expected, even though both devices have the same thermal characteristics, with a 
displacement power factor of 0.707 the resulting temperature rise in the IGBT is higher 
than the anti-parallel diode. Once again, because of the selection of the frequency 
components used to represent the current and duty cycle, it can be seen that the temperature 
response calculated using the frequency model is always higher than the Simulink model. 
Although for the conduction loss, the peak temperature is overestimated. This is caused by 
the approximation of the power loss and duty cycle in the region where the peak power loss 
occurs, i.e. the instantaneous power loss is overestimated.  
 
In summary, the frequency components for the switching loss (Table 4.1) and conduction 
loss (Table 4.2) models have been developed. However, in order to implement these 
equations the output angle of the inverter (ωt) must still be known. Therefore, as discussed 
in the introduction, the frequency components are used to calculate the peak steady-state 
junction-to-reference temperature over a complete output cycle of the inverter. This 
temperature will then become the output of the steady-state frequency model. The method 
used to calculate the peak temperature is described in the following sections.  
4.3 Calculation of the Peak Ripple Temperature 
The peak ripple temperature is calculated from the sum of the fundamental and harmonic 
components. The magnitude and phase of these components is dependant on a number of 
input variables, including the peak power loss, modulation index, displacement power 
factor, output frequency and the thermal properties of the network element. This is a 
complex problem and one that cannot be solved directly using standard trigonometric 
relationships. Therefore, a method that can be used to estimate the output angle where the 
peak temperature occurs is required, and it must be possible to implement the chosen 
method efficiently in a microprocessor.  
4.3.1 Taylor Series Approximation of the Peak Ripple Temperature 
The method described in this section is based on the approximation of the frequency 
components by an equivalent Taylor series. In order to calculate the peak of the complete 
temperature response the frequency components for the switching and conduction loss must 
first be combined. The resulting ripple temperature will consist of the fundamental and 
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second harmonic terms due to the combined effect of the switching and conduction loss, 
and a third harmonic due entirely to the conduction loss. However, as shown in Table 4.2, 
the magnitude of the third harmonic is much smaller than the other terms and to simplify 
the calculation, the third harmonic is treated as a constant value:  
 
 32211 )22cos()cos( AtAtATripple ++++= σωσω     (4.32) 
 
where An is the magnitude of the nth harmonic due to the combination of the components in 
the switching and conduction loss models. To represent the harmonic terms by a Taylor 
series approximation they must be represented in the form: 
 
 ( ) ( ) ( )[ ]nnnnn ntntAntnA σωσωσω sin)sin(cos)cos(cos −=+   (4.33) 
 
The Taylor series approximation of the general harmonic term, using only the first two 
terms in the series for the sine and cosine components, is then given by: 
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From this expression, the location of the turning points can be found by solving:  
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d
σω
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For the Taylor series approximation in Equation 4.34, the turning points are found by 
solving: 
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By limiting the Taylor series approximation to the first two terms, it can be seen that 
Equation 4.36 is a quadratic and this can be expressed in the form: 
 
 ( ) 02 =++ ctbta ωω         (4.37) 
 
This equation has two turning points and these can be found using the standard quadratic 
formula: 
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As shown in Equation 4.32, the ripple temperature has two harmonic components and to 
calculate the turning points the coefficients of the quadratic equation for the fundamental 
(n=1) and second harmonic (n=2) terms must be combined. Thus, the coefficients for the 
full response (ignoring the third harmonic component) are:  
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The two turning points are calculated by substituting these coefficients into Equation 4.38. 
To identify which of the turning points is the minimum (ωtmin) and maximum (ωtmax), the 
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coefficients and the turning points can be substituted into the derivative of Equation 4.36, 
which can be represented in the form:  
  
 ( ) ( ) ( ) btactbtatd
d
+=++ ωωω
ω
222
2
     (4.42) 
 
If the result of this calculation is positive, the turning point is a maximum. The procedure 
outlined above is used to determine the location of the peak ripple, but to calculate the 
actual peak ripple temperature this location (ωtmax) must be substituted into Equation 4.32. 
However, by using only the first two terms of the Taylor series the accuracy of the 
approximated ripple temperature falls as the output angle of the inverter moves away from 
the origin (ωt=0). By definition, when the inverter is operating in a stationary vector 
condition with a unity displacement power factor, the peak temperature will occur at an 
output angle of ωt=pi/2. Therefore, as shown in Figure 4.13(a), the Taylor series 
approximation cannot be used to calculate the peak ripple temperature in this condition.  
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(a)       (b) 
Figure 4.13: Taylor series approximation of the ripple temperature with the peak ripple at 
an output angle of (a) ωt=pi/2 (b) ωt=0 
Chapter 4: Development of a Thermal Model 
 
87 
Consequently, in order to use this approach, the phase angles (σ1 and σ2) of the harmonics 
in Equation 4.32 must be modified (maintaining the same phase relationship between the 1st 
and 2nd harmonics) so that the peak ripple occurs near the origin. The effect of this process 
on the accuracy of the Taylor series approximation can be seen in Figure 4.13(b). In this 
figure the harmonics have been shifted so that the peak ripple occurs when ωt=0. The 
results show that the peak ripple calculated using the frequency components and the Taylor 
series approximation is identical. Therefore, the phase shift required to ensure that the peak 
ripple occurs near the origin must be calculated. This procedure is described below.  
 
In any operating condition the peak of the ripple temperature will occur between the 
positive peaks of the first and second harmonics that are closest together, i.e. the peaks with 
the smallest angle between them. The two angles (φ1 and φ2) between the peaks are 
calculated using the phase angles for the combined response: 
  
 211 σσφ −=          (4.43) 
 
 piφφ += 12           (4.44) 
 
The angles for a general operating condition where the peaks of the first and second 
harmonics are not in phase are shown in Figure 4.14(a). By observation the angle where the 
peak ripple occurs can be approximated using: 
  
 
1
2
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5.1
A
Aφψ =         (4.45) 
 
where φmin is the smallest angle between the two peaks. Therefore, the fundamental and 
second harmonic terms are shifted using the angles ψ and ψ-φmin. This process is illustrated 
in Figure 4.14(b). For the frequency components in this figure, ωtmax is close to zero and the 
ripple temperature can be calculated using:  
 
 [ ] 3min21 )22cos()cos( AtAtATripple +−+++= φψωψω    (4.46) 
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(a)       (b) 
Figure 4.14: Taylor series approximation (a) angles between peaks of the harmonic 
components (b) offset angles used to align the peak ripple with the origin 
 
In summary, the peak ripple temperature is calculated using the following steps:  
 
1. Calculate the smallest angle (φmin) between the positive peaks for the first and 
second harmonics (Equation 4.32). 
2. Use this angle to determine the phase shift for the first harmonic (ψ). 
3. Calculate the phase shift for the second harmonic required to maintain the same 
phase relationship (ψ-φmin) as the original response. 
4. Calculate the coefficients of the quadratic formula for the frequency model with the 
new phase angles (Equation 4.46).  
5. Use the quadratic formula to calculate the two turning points and identify which of 
these is the peak (ωtmax). 
6. Substitute ωtmax into Equation 4.46 and calculate the peak ripple temperature. 
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To check the accuracy of the Taylor series approximation it has been used to calculate the 
peak of the following ripple temperature:   
 
 )22cos()cos( 221 σωω ++= tAtATripple      (4.47) 
 
Using the approximation the peak ripple temperature is calculated over the full range of 
possible magnitudes (A2=0 to A1) and phase shifts (σ2=0 to 2pi). This is compared with the 
actual peak temperature of the combined harmonics calculated using Simulink. From this 
investigation it was found that for all possible operating conditions, the maximum error in 
the estimated peak temperature is less than 1%. However, this comparison only validates 
the method used to calculate the peak ripple temperature and does not show the effects of 
ignoring the third harmonic term or the assumptions used to generate the frequency 
components. Therefore, in the next section the peak junction-to-reference temperature 
estimated by the frequency model (using the Taylor series approximation) is compared 
against the peak junction-to-reference temperature calculated using the initial sinusoidal 
approximation in various operating conditions. 
4.4 Comparison of the Peak Temperature in a Steady-State Operating Condition 
As shown in Equation 4.32, in order to use the Taylor series approximation to calculate the 
peak ripple temperature the magnitude of the third harmonic term is treated as a constant 
value. This assumption, combined with the approximation of the duty cycle and power loss, 
will have an impact on the accuracy of the estimated peak junction-to-reference 
temperature. To show the effect of these approximations, the peak steady-state temperature 
is calculated using the frequency model and this temperature is given by:   
  
 rippledcss TTT ˆˆ +=         (4.48) 
 
This equation is then used to calculated the temperature over the full range of the 
modulation index (m=0 to 1) with a leading and lagging displacement power factor. This is 
then compared with the peak instantaneous temperature calculated using the sinusoidal 
approximation (Simulink model). The results from this comparison are represented as a 
percentage of the peak instantaneous temperature. A positive value indicates that the 
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temperature is overestimated by the frequency model, but the devices are protected. The 
results for an IGBT operating at 0Hz (in a stationary vector condition) and at an output 
frequency of 1Hz are shown in Figure 4.15(a) and Figure 4.15(b) respectively. The 
operating conditions used to generate these results are the same as those used in the 
comparison of the switching loss model in Section 4.2.2.2. 
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(a)       (b) 
Figure 4.15: Comparison of the peak junction-to-reference temperature calculated for an 
IGBT (τth=1s) using the frequency model and the instantaneous sinusoidal approximation at 
an output frequency of (a) 0Hz (stationary vector condition) (b) 1Hz  
 
When operating in a stationary vector condition with a modulation index of zero, the 
approximation of the duty cycle and the peak power loss in both models is the same, i.e. the 
duty cycle is 0.5 over the complete output cycle of the inverter. Consequently, there is no 
error in this condition. However, the error increases as the modulation index approaches 
unity and the displacement power factor becomes negative. This error is caused by the 
approximations used to generate the frequency components for the power loss and duty 
cycle.   
Chapter 4: Development of a Thermal Model 
 
91 
As the output frequency of the inverter is increased the harmonic components will no 
longer be in phase. Therefore, treating the third harmonic as a constant value (Equation 
4.32) will contribute towards the total error. In Figure 4.15(b) it can be seen that at an 
output frequency of 1Hz there is a small error when the modulation index is zero. This is 
caused by the decay of the higher harmonics that are not included in the approximation of 
the power loss. As a result, there is a small difference (~0.2%) between the magnitudes of 
the peak loss in both models. This difference was not shown in Figure 4.8(b). Furthermore, 
it can be seen that the errors calculated with a leading and lagging displacement power 
factor are different. This is caused by the shape of the power loss that is applied to the 
Foster network element. To show this effect an example of the conduction loss calculated 
with a leading and lagging displacement power factor of 0.5 is shown in Figure 4.16(a).  
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     (a)                 (b) 
Figure 4.16: Comparison of the power loss and the resulting temperature rise for a leading 
and lagging displacement power factor of 0.5 (a) current, duty cycle and power loss (b) 
temperature rise over a single output cycle of the inverter (1 PU = maximum temperature)  
This figure shows that the area of the power loss calculated with a leading and lagging 
displacement power factor is identical. However, for a leading displacement power factor 
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the area between the initial rise in the power loss and its peak value is slightly larger. 
Consequently, the peak temperature, which is shown in Figure 4.16(b), is higher.  
 
Overall, the results described in this section show that the accuracy of the steady-state 
temperature calculated in the key operating conditions for the inverter is acceptable and 
importantly, the temperature of a device is never underestimated by the frequency model. 
However, the transient response due to changes in power loss and output frequency cannot 
be ignored. The development of a transient model is described in the next section.    
4.5 Transient Response 
To maximise the performance of a drive, it is essential that the transient response due to 
any changes in power loss or output frequency can be accurately modelled. Furthermore, it 
is important that the maximum temperature of a device cannot be exceeded during a 
transient period. The model developed in this section is an extension of the steady-state 
model developed in the previous sections. The calculation of the additional transient 
component for a general frequency term is described in Section 4.5.1. This analysis is then 
used in Section 4.5.2 to develop a model that can be implemented in a continuous system. 
This component is developed to predict the maximum possible temperature for any 
transient condition and is based on the analysis of a system with initial conditions of zero.   
4.5.1 Calculation of the Transient Response for a General Frequency Component   
In this section, the transient temperature response of a Foster network element (first order 
filter) is calculated when a general frequency component of the power loss is applied to the 
network. The following analysis applies for a step change in magnitude due to a change in 
the peak power loss (An) and output frequency (ω). Taking a general frequency component 
(nth harmonic):  
 
 ( )tnAtP n ωω sin)( =         (4.51) 
 
 and representing this in the Laplace domain gives:   
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This can then be applied to the transfer function for a first order filter (Equation 4.12). With 
a unity magnitude (Rth=1) the temperature response is given by: 
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The combination of the first two partial fractions (A and B) in this response represents the 
steady-state component (defined as Tripple), which in the time domain is a sinusoid with a 
filtered magnitude (AnAFn) and a phase shift (βn). Until now, this is the only part of the 
response that has been considered. The final partial fraction (C) represents the transient 
component of the temperature response (Texp), and in the time domain the magnitude of this 
component is given by:  
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Similarly, for a cosine component, it can be shown that the transient term is: 
 
 ( )
τ
τω
ω
t
n e
n
AtT
−
⋅





+
−= 2exp(cos) 1
1)(       (4.55) 
 
The calculation of these components is outlined in Appendix A. These equations can be 
used to calculate the transient response for a general frequency component with an offset 
(σn):   
 
 ( ) ( ) ( )[ ]nnnnn ntntAntnAtP σωσωσωω sin)sin(cos)cos(cos)( −=+=  (4.56) 
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For this power loss the magnitude of the transient component (Aexp) is given by:  
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From this equation it can be seen that the magnitude of the transient term is dependant on 
the offset angle and this will be a maximum when:   
 
 piωτσ += − )(tan 1 nn n        (4.58) 
 
This offset is equal to pi plus the phase shift in the steady-state output due to the filtering 
effect (βn). Consequently, at this angle the magnitude of the exponential term is equal to the 
maximum ripple temperature. The importance of this characteristic is highlighted in the 
following example.   
 
To show the effect of the transient component, the temperature response has been 
calculated for a fundamental frequency term (Fout=0.25Hz, τ=1s and n=1) during a step 
change in power loss (A1=0 to 1PU). For this condition the magnitude of the transient term 
will be a maximum when σ1=4.14rads (calculated using Equation 4.58). The individual 
steady-state and transient components of the complete response are shown in Figure 
4.17(a). At t=0 the magnitude of the transient component is equal to the negative peak of 
the steady-state component (-An) and the combined response is initially zero. Therefore, the 
transient component ensures that the output of the filter does not change instantaneously. 
Using these characteristics for a single step with initial conditions of zero, the highest 
transient temperature (i.e. the worst case for any starting angle) can be approximated using:   
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The temperature estimated using this equation is compared against the instantaneous 
response (steady-state + transient component) in Figure 4.17(b). 
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         (a)       (b) 
Figure 4.17: Transient response (a) steady-state and transient components (b) complete 
response (1 PU = steady-state ripple temperature) 
 
The transient term ensures that the frequency model does not underestimate the temperature 
during the transient period. In addition, the results show that for a given time constant, the 
overshoot above the steady-state magnitude is dependant on the output frequency. As the 
frequency is reduced this overshoot becomes negligible. Consequently, if Equation 4.59 is 
used to estimate the transient response the temperature can be significantly overestimated in 
some operating conditions. In summary, the transient model developed in this section has 
the following limitations which are addressed in the next section:   
 
1. At low output frequencies the temperature can be significantly overestimated during 
the initial part of the transient period. 
2. The transient component in Equation 4.59 only applies for a single step change from 
zero and cannot be implemented directly in a continuous system.  
Chapter 4: Development of a Thermal Model 
 
96 
4.5.2 Development of a Continuous Transient Model    
This section is divided into four parts:  
 
1. The calculation of the magnitude of the transient component 
2. An investigation into the effect of the output frequency on the peak overshoot 
3. The implementation of a continuous frequency model  
4. A comparison of the frequency model with the instantaneous device temperature 
 
By the end of this section, a transient model that can be used to estimate the temperature 
response of a single IGBT or diode in any operating condition is defined.   
4.5.2.1 Magnitude of the Transient Component 
In Section 4.5.1 it was shown that for a step change in power loss and output frequency, 
where the initial conditions are zero, the maximum magnitude of the transient component 
for a single harmonic is equal to the peak magnitude of the steady-state component. This is 
equivalent to the change in the ripple temperature. However, this does not apply for a 
continuous system. To illustrate this, the complete response and the individual steady-state 
and transient components have been calculated during a step change in the switching loss 
and output frequency. The results are shown in Figure 4.18(a) and Figure 4.18(b) 
respectively.  
 
For a step change in power loss, the magnitude of the transient component is equal to the 
change in the peak steady-state response and as in Equation 4.59, this can be determined 
from the known peak ripple temperature. Whereas, for a step change in the output 
frequency, the magnitude of the transient component can be higher than the change in the 
peak ripple temperature due to the resulting phase shift in the harmonic terms. However, it 
is unlikely that a step change in output frequency will occur without a corresponding 
change in the output current. Thus, the magnitude of the transient component in the 
frequency model is determined directly from the change in the peak ripple temperature. 
This approximation applies for both an increase and decrease in ripple. Using this approach 
simplifies the calculation of the transient component, but can result in an underestimation 
of the temperature during rapid changes in output frequency.  
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        (a)                       (b) 
Figure 4.18: Transient response for a step change in (a) switching loss (b) output frequency 
(1 PU = peak temperature when Fout = 0Hz) 
4.5.2.2 Effect of the Output Frequency on the Transient Magnitude 
When the output frequency (Fout) is low in relation to the thermal time constant the transient 
component will decay to zero before the ripple component reaches its peak value. In this 
condition the transient component will cause a significant overestimation of the device 
temperature. Therefore, a method of estimating the magnitude of the transient component 
during an increase in the ripple temperature, which is based on the known output frequency 
and time constant, is required. This method is described below.    
 
From the inspection of the transient characteristics for the switching loss model measured 
during a step increase in power loss, it was found that the first peak in the ripple 
temperature which is higher than the steady-state temperature always occurs after:    
Chapter 4: Development of a Thermal Model 
 
98 
  
out
peak F
T
4
85.0
=          (4.60) 
 
The actual location of the first peak is dependant on the output frequency and the time 
constant. Using this equation, it can be shown that there will be no overshoot when:  
 
 th
outF
τ5
4
85.0 ≥          (4.61) 
 
In this condition the first peak in the ripple temperature will occur after the transient 
component has already decayed to a negligible value (i.e. if t > 5τth) and it is not necessary 
to add a transient component to the model if the peak ripple temperature is increasing. 
However, as the output frequency is increased the magnitude of the overshoot will tend 
towards the change in the peak ripple temperature and this cannot be ignored. To model this 
effect, the magnitude of the transient component is changed with the output frequency:  
 
  ( ) rippleTKA ˆexpexp ∆= ω         (4.62) 
 
The characteristic of Kexp is shown in Figure 4.19(a). The slope of this characteristic has 
been determined by comparing the transient model of the switching loss with the 
instantaneous response. To show the effect of using this characteristic, the peak ripple and 
magnitude of the transient component are compared at different output frequencies. This is 
shown in Figure 4.19(b). The difference between these characteristics is the amount that the 
temperature would have been overestimated by if the transient component was made equal 
to the change in the peak ripple. When using Equation 4.62 the transient temperature 
calculated during a step change in power loss is never underestimated by more than 1.5% of 
the peak ripple. Furthermore, the significant overestimation at low frequencies has been 
reduced. Therefore, in the continuous model, Kexp is used to modify the magnitude of the 
transient component, but only when the ripple temperature is increasing.  
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      (a)                       (b) 
Figure 4.19: Transient response (a) magnitude of the factor Kexp if the ripple temperature is 
increasing (b) comparison of peak ripple temperature and the transient component   
(1 PU = peak temperature when Fout = 0Hz) 
4.5.2.3 Implementation of a Continuous Frequency Model 
The complete transient model consists of the following components: 
 
1. Steady-state (peak ripple)  
2. DC  
3. Transient  
 
As described, the peak ripple temperature is calculated using the Taylor series 
approximation and this is applied in the model as a constant value. Whereas, the magnitude 
of the DC component is applied to the transfer function of a first order filter with a unity 
magnitude, the time constant used in this transfer function is taken directly from the Foster 
network element. The implementation of these components is shown in Figure 4.20.   
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Figure 4.20: Implementation of (a) ripple (b) DC components in the continuous model 
 
To show how the transient component of the model is implemented in a continuous system, 
a change in power loss and output frequency is modelled by adding an additional frequency 
component with the original response.  This approach is illustrated in Figure 4.21. In this 
example, a step in power loss and output frequency is applied at t=0s. The resulting 
temperature response and the magnitude of the transient component (ignoring the effect of 
Kexp) are shown in Figure 4.21(a).  
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(c) 
Figure 4.21: Calculation of the transient component (a) original response due to a step 
change in power loss and output frequency (b) additional response added to remove the 
steady-state component after 10s (c) complete response (1 PU = steady-state temperature)  
 
After operating in this condition for 10s, the power loss is removed. To model this change 
an additional frequency component, which is out of phase with the original, is added to the 
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Foster network element. This component is shown in Figure 4.21(b). Adding the two 
frequency components removes the steady-state component in the output response, leaving 
the transient component to decay to zero. The resulting instantaneous response and the 
temperature estimated by the frequency model, which for this condition is the sum of the 
transient component and the peak ripple temperature, are shown in Figure 4.21(c). 
 
The method used to implement the transient component in a continuous model is shown in 
Figure 4.22. As described in Section 4.5.2.2, to avoid overestimating the temperature when 
the ripple is increasing the input to the transient component is multiplied by the factor Kexp, 
when decreasing Kexp is always unity. The resulting magnitude (Aexp) is then applied to a 
high pass filter. The time constant of this filter is once again taken directly from the Foster 
network element.  
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Figure 4.22: Implementation of the transient component in the continuous model 
 
The total output (Ttran) of the continuous model is calculated by adding the transient (Texp), 
peak ripple (Tripple) and DC (TDC) components together. An example of the individual 
components calculated after a step change in power loss (t=0s) are shown in Figure 4.23(a). 
The complete transient response, with and without the transient component, is compared 
against the instantaneous response in Figure 4.23(b). This comparison shows the 
importance of the transient component during both an increase and decrease in temperature.  
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Figure 4.23: Transient model for a step change in power loss (a) DC, ripple and transient 
components (b) comparison of the instantaneous response and frequency model 
 
One limitation of the method used to implement the transient component (Figure 4.22) is 
the response that would occur if a significant change in the peak ripple occurred repeatedly. 
As described in Section 4.5.1, the magnitude of the transient component is dependant on 
the output angle of the inverter, but the maximum magnitude is applied to the transient 
component every time the ripple temperature changes. If this component does not have time 
to decay the output will continuously increase and can result in the thermal model tripping 
the drive prematurely. This limitation may prevent the thermal model from being applied in 
some applications and a solution to this problem will be investigated as part of the further 
work.   
4.5.2.4 Comparison of the Transient Frequency Model   
In this section, the methods used to implement the steady-state, DC and transient 
components are combined to estimate the temperature rise due to the switching loss in a 
device. This temperature is then compared with the instantaneous response for the two 
operating conditions defined in Figure 4.24. Although these profiles are similar, operating 
condition B highlights the key weaknesses in the frequency model. 
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(a)       (b) 
Figure 4.24: Operating conditions used to compare the frequency model with the 
instantaneous response (a) operating condition A (b) operating condition B 
 
The comparisons of the temperature response for both operating conditions are shown in 
Figure 4.25. For operating condition A, the temperature estimated by the frequency model 
accurately follows the profile of the instantaneous response and the model protects the 
device without significantly overestimating the temperature. 
0
5
10
15
20
25
30
35
40
45
50
0 10 20 30 40 50
Time (s)
Te
m
pe
ra
tu
re
 
(°C
)
Frequency Model
Instantaneous Response
 
0
25
50
75
100
125
0 10 20 30 40 50
Time (s)
Te
m
pe
ra
tu
re
 
(°C
)
Frequency Model
Instantaneous Response
Envelope of the Instantaneous Response
 
(a)       (b) 
Figure 4.25: Comparison of the frequency model with the instantaneous temperature 
response for (a) operating condition A (b) operating condition B 
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For operating condition B, the characteristics of the temperature response are dependant on 
the offset angle. Therefore, in order to make a fair comparison, the instantaneous response 
is calculated over the full range of offset angles (α = 0 to 2pi). This is equivalent to the 
inverter starting at each possible output angle. The maximum instantaneous temperature 
that occurs at any offset angle is then found by calculating the upper envelope of these 
responses. This is included in the comparison in Figure 4.25(b). In this comparison it can 
be seen that the inverter is protected by the frequency model, but the temperature is 
overestimated when the output frequency is low. The main cause of this effect is the 
implementation of the ripple component, which is applied as a constant value. The reason 
why this has a greater impact on the accuracy of the estimated temperature at low output 
frequencies is that it takes longer for the instantaneous ripple temperature to reach its peak 
value. Therefore, if the power loss is removed before this occurs, the frequency model will 
overestimate the temperature, although this temperature will occur if the conditions are 
maintained for a longer period.     
 
Overall, the comparisons in this section show that the transient frequency model can be 
used to estimate the temperature response for a Foster network element during changes in 
output frequency and power loss. Although, in order to maximize the performance of the 
inverter the overestimation caused by the implementation of the ripple component at low 
output frequencies must be removed. This is an area for further work.  
4.6 Summary 
The aim of this chapter was to develop a thermal model that can be implemented using the 
available computational resources. This was divided into three distinct stages, the first of 
these covered the development of the steady-state model and this procedure is summarised 
below:  
 
1. Determine the frequency components for the phase current and duty cycle. 
2. Calculate the power loss in a device over an output cycle of the inverter. 
3. Multiply the frequency components of the power loss with the transfer function of a 
single element of a Foster network.   
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In each of these steps all of the calculations can be performed off-line. However, several 
approximations were made in order to reduce the number of harmonics in the final solution 
and the number of on-line calculations that are required. After performing these steps, 
several equations were developed that describe the steady-state temperature response of an 
IGBT or diode. These equations are dependant on the output angle of the inverter (ωt), 
which is not known by the thermal model. Therefore, the second part of this chapter 
described a method that can be used to calculate the peak steady-state junction-to-reference 
temperature that occurs over an output cycle. This is not a straightforward calculation and 
the method developed is based on the Taylor series approximation of the dominate 
frequency components. The temperature calculated using this method forms the basis of the 
thermal model. This is a novel approach, which when compared to a model implemented in 
the time domain, has several key advantages. These include the following:  
 
1. A reduction in the number of calculations that must be performed on-line which 
allows the model to be implemented at a moderate sample frequency while being 
capable of estimating the temperature at high fundamental output frequencies.  
2. The ability to estimate the temperature under a wide range of operating conditions 
using minimal computational resources. 
3. The adaptability of the model, which when combined with the principles of linear 
superposition can be used to model a complete inverter.     
 
The final part of this chapter covered the development of the transient model. The transient 
model includes the steady-state (Tripple), DC (TDC) and transient (Texp) components. The 
transient model has been shown to protect the devices in the inverter under typical 
operating conditions. However, due to the methods used to implement each component, the 
model overestimates the temperature during rapid changes in output frequency when 
operating at a high load current. Therefore, these factors must be addressed before the 
model can be considered an optimum solution.   
 
Overall, the solution presented in this chapter provides the basis of a thermal model that can 
be used to estimate the temperature of any device in an inverter over a wide range of 
operating conditions, during steady-state and transient operation.                                          .
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Chapter 5:  Implementation of the Thermal Model in a Three 
Phase Inverter 
 
 
5.1 Introduction 
In the previous chapter the temperature estimated by the frequency model was compared 
against the instantaneous response calculated for a single element of a Foster network. One 
or more of these network elements can be used to represent the thermal characteristics 
(thermal impedance) measured between the junction of a device and a defined reference 
point, typically the external ambient (Ta) or the temperature measured by the internal 
thermistor (Tth) in the power module. However, the thermal coupling between each device 
in an inverter can have a significant impact on the temperature of any neighbouring 
devices. Thus, to model the devices in an inverter the self and mutual transient thermal 
impedances are required. These are defined as: 
 
• Self thermal impedance – represents the change in the temperature between the 
junction of a device (i) and a reference point due to its own power loss.    
• Mutual thermal impedance – represents the change in the temperature between 
the junction of a device (i) and a reference point due to a power loss applied to 
another device (j) in the inverter. 
 
To calculate the temperature of a single device in the inverter (six IGBTs and diodes) the 
frequency components in the switching and conduction loss models must be calculated for 
each element in the equivalent Foster networks. For an inverter, these include the eleven 
mutual thermal impedances associated with the device being modelled. However, the 
magnitude of the sine and cosine components calculated for each network element (at the 
same frequency) can be added together and combined into a single term. This allows the 
peak steady-state junction-to-reference temperature to be calculated using the method 
developed for a single element (i.e. the Taylor series approximation). This procedure is 
described in Section 5.2.  
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The frequency model could be used to calculate the temperature of every device in the 
inverter, including the effect of the self and all of the mutual thermal impedances, but the 
number of calculations that can be performed is limited by the available computational 
resources. Consequently, in order to allow the model to be implemented in a drive, some 
level of simplification is required. This is described in the remainder of the chapter. In 
order to evaluate these simplifications, a model of a typical power module is developed in 
Flotherm and this is described in Section 5.3. This model is used to calculate all of the self 
and mutual transient thermal impedances (144 values) for the inverter. The equivalent 
Foster network for each of these is used to form the complete thermal impedance matrix, 
which is used to calculate the instantaneous temperature of every device under a range of 
operating conditions. This temperature is then used to identify the devices in the inverter 
that have the greatest risk of overheating. To protect the inverter, the temperature of these 
devices must then be estimated using the frequency model. In Section 5.3.1, this procedure 
is outlined using the temperature calculated in a stationary vector condition. The 
temperature of one of the chosen devices is then compared against the instantaneous 
response over a complete output cycle of the inverter and this is shown in Section 5.3.2.  
 
The simplifications required to implement the frequency model are reviewed in Section 5.4 
and these include the following approximations:  
 
1. The temperature of a device is calculated using only the self thermal impedance, 
and any thermal coupling that exists between the devices in the inverter is ignored 
(Section 5.4.1). 
2. The temperature of a single IGBT and diode is calculated using the self and mutual 
thermal impedances, and it is assumed that in any operating condition, either the 
chosen IGBT or diode is the hottest device in the inverter (Section 5.4.2). 
 
To implement the frequency model, the parameters of an equivalent Foster network must be 
calculated for every one of the thermal impedances in the simplified model. These are 
reviewed in Section 5.5. The number of elements in each of these networks is defined in 
Section 5.5.1, while methods that can be used to reduce the number of networks are 
discussed in Section 5.5.2. Finally, the implementation of the frequency model in a 
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commercial drive control system, including a definition of the input, feedback and 
calculated parameters, is reviewed in Section 5.6.   
5.2 Implementation of the Frequency Model for a System Represented by Multiple 
Foster Network Elements 
Using superposition, the frequency model developed for a single element of a Foster 
network can be used to calculate the temperature response due to the self (α=0) and mutual 
(α≠0) thermal impedances in an inverter. To describe this process, the steady-state 
temperature is calculated for a basic system with two devices (p=2). In this, the self and 
mutual thermal impedances are represented by an equivalent network with two elements 
(k=2). Each of these elements has a unique thermal resistance (Rth), thermal capacitance 
(Cth) and time constant (τth=RthCth). The method used to calculate the temperature of device 
1 (T1) is illustrated in the figure below:  
 
T1
Zth,11=Zth,11(1)+Zth,11(2)
Rth11(1) Cth11(1)
+
1Pˆsw1Pˆcon
Rth11(2) Cth11(2)
Zth,12=Zth,12(1)+Zth,12(2)
Rth12(1) Cth12(1)
2Pˆsw2Pˆcon
Rth12(2) Cth12(2)
 
Figure 5.1: Superposition of the self and mutual thermal impedance 
 
To calculate the temperature, the magnitude of each term in the frequency model for the 
switching loss (Table 4.1) and conduction loss (Table 4.2) must be calculated for each 
network element. In order to do this, the terms for the self thermal impedance (Zth,11) are 
calculated using the corresponding peak power losses for device 1, while the terms for the 
mutual thermal impedance (Zth,12) are calculated using the losses for device 2. Therefore, 
given that there are four network elements and two peak losses, each term (As1, Ac1, etc) in 
the complete frequency model must be calculated eight times. By separating each of the 
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harmonics in the frequency model into its sine and cosine components the effect of the 
phase shift, which will be different for each element, is included in the magnitude of these 
components. Consequently, the magnitude of the like terms calculated for each element can 
be added together directly. For example, in the switching loss model the magnitude of the 
fundamental term As1 (taken from Table 4.1) calculated for the first element of the self 
thermal impedance is given by: 
 
 ( )11)1(11,)1(,11),(1 cos2
ˆ βαθ ++= Fthswsws ARPA      (5.1) 
 
where AF1 and β1 are both dependant on the time constant τth,11(1). Therefore, for the four 
network elements in this model, the total magnitude of this term is: 
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where As1(sw),1j(m) is the magnitude calculated for element m of the thermal impedance Zth,1j. 
Hence, in the complete model, the magnitude of the sine component for the nth harmonic is 
calculated using:  
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Once every term in the frequency model has been calculated, the sine and cosine 
components for the first and second harmonics can be combined and, as for a single 
element, the ripple temperature (ignoring the third harmonic component) is given by:  
    
 )22cos()cos( 2)(21)(1)( σωσω +++= +++ tAtAT conswconswconswripple   (5.4) 
 
where  An(sw+con) is the magnitude of the combined sine and cosine components for the nth 
harmonic and σn is the resultant phase shift. Using this process, the ripple component of the 
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complete response for any number of devices or network elements can be represented by 
just two harmonic terms, and the peak of this ripple can be calculated using the Taylor 
series approximation. Therefore, the frequency model can now be used to calculate the 
steady-state temperature of one or more devices in an inverter.   
5.3 Development of a Frequency Model for an Inverter 
A separate frequency model could be used to estimate the temperature of every device in an 
inverter. However, this is not possible due to the limited computational resources. 
Furthermore, in order to protect all of the devices it is only necessary to calculate the 
temperature of the hottest device. The hottest device is dependant on the operating 
conditions and the thermal properties, including the thermal coupling between each device, 
which is dependant on the layout (chip positions) and configuration (one or more power 
modules) of the inverter. Therefore, to develop the frequency model the complete thermal 
impedance matrix is required, and although any values could be used, they should have 
similar characteristics to an actual power module. Consequently, the frequency model is 
developed using the transient thermal impedances determined using the model of a typical 
power module implemented in the simulation package Flotherm. A diagram of this model 
showing the position of each device can be seen in Figure 5.2.  
 
 
Figure 5.2: Flotherm model of a typical power module 
 
Chapter 5: Implementation of the Thermal Model in a Three Phase Inverter 
 
111 
Although the power module used in this simulation contains a rectifier, inverter and brake, 
the frequency model has been developed to only protect the devices in an inverter. Thus, 
the Flotherm model is used to generate the typical self and mutual transient thermal 
impedance curves for the six IGBTs and freewheeling diodes (p=12). These are represented 
by an equivalent Foster network, which form the complete thermal impedance matrix for 
the inverter: 
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The methods used to calculate the transient thermal impedance and the parameters of an 
equivalent Foster network are described in Chapter 7. Using the simulation model, the 
thermal impedances can be calculated between the junction of a device (Tj) and any 
reference point. In practice, most models that have been developed use the ambient 
temperature (Ta) or the temperature measured by the internal thermistor in the power 
module (Tth). Therefore, the simulation model has been used to generate the complete 
thermal impedance matrix using both of these reference temperatures. The absolute 
temperature of the devices can be calculated using either:   
 
 [ ] [ ] [ ] aajth TPZT +⋅= −,         (5.6)  
 
or 
 
 [ ] [ ] [ ] ththjth TPZT +⋅= −,        (5.7) 
 
To identify the hottest device in the inverter under any operating condition and to allow the 
frequency model to be compared against the instantaneous response, Equations 5.6 and 5.7 
have been implemented in Simulink. In this model, it is assumed that the power loss in a 
device is sinusoidal and the duty cycle is approximated by the third harmonic modulation 
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scheme. These are the initial assumptions used to develop the frequency model. Therefore, 
in order to calculate the temperature of a device the following operating parameters must 
first be defined: 
 
• IGBT and diode peak conduction loss (W)  ( )IGBTconPˆ  and ( )diodeconPˆ  
• IGBT and diode peak switching loss (W)  ( )IGBTswPˆ  and ( )diodeswPˆ  
• Displacement Power factor    DPF or cos(θ)  
• Modulation index      m 
• Output frequency (radians/s or Hz)   ω or Fout 
 
However, when an inverter is operating at an output frequency of 0Hz, which is defined as 
a stationary vector condition, a device can be continuously operating at the output angle 
(ωt) where its peak power loss occurs (i.e. switching the peak load current). At this 
frequency there is no filtering effect (AFn=1) due to the thermal time constants. 
Consequently, for a constant power loss, the resulting steady-state temperature will be 
higher in a stationary vector condition than at any other frequency. Hence, a device is more 
likely to exceed its maximum operating temperature. Therefore, this chapter is focused on 
the development of a frequency model that will protect an inverter operating in a stationary 
vector condition.    
5.3.1 Protection of an Inverter Operating in a Stationary Vector Condition 
The output of the steady-state frequency model is equivalent to the peak junction-to-
reference temperature of a device calculated over a complete output cycle of the inverter, 
i.e. the peak ripple temperature is calculated using the Taylor series approximation. 
Therefore, in order to protect every device in the inverter under a specific operating 
condition, the frequency model must be used to estimate the temperature of the device in 
which the highest peak junction-to-reference temperature occurs. Using this approach, the 
temperature estimated by the frequency model will be equal to or higher than the hottest 
device in the inverter. However, due to the thermal coupling between devices, the peak 
junction-to-reference temperature and the device in which this temperature occurs will 
depend on the operating conditions. Consequently, more than one frequency model may be 
required.  
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In this section, an example is used to describe the procedure for identifying the devices that 
must be modelled. In this example, the temperature is calculated using the equivalent Foster 
networks in the junction-to-thermistor thermal impedance matrix. Therefore, to calculate 
the instantaneous temperature, Equation 5.7 is implemented in the Simulink model. The 
peak switching and conduction loss for the IGBTs (68W) and diodes (34W) has been 
selected to ensure that no device can exceed 150°C when operating at any displacement 
power factor or modulation index. The first step in the procedure is to calculate the steady-
state temperature (junction-to-thermistor) of each device over a complete output cycle 
(ωt=0 to 2pi). By definition, when operating in a stationary vector condition, the output 
vector does not rotate and the steady-state temperature can be calculated directly using the 
sum of the thermal resistances in each network. After completing this calculation, the peak 
temperature that occurs over the output cycle ( thjT −ˆ ) can be selected. This process is 
illustrated in Figure 5.3(a).  
-40
-20
0
20
40
60
80
100
120
0 1 2 3 4 5 6 7
ωt (Radians)
T j
-
th
 
(°C
)
Maximum (all devices)
IUL
thjT −ˆ
70
75
80
85
90
95
100
105
110
-1.00 -0.50 0.50 1.00 0.50 -0.50 -1.00
Power Factor
Pe
a
k 
T j
-
th
 
(°C
)
m=0
m=0.5
m=1
Leading Lagging
 
      (a)             (b)  
Figure 5.3: Maximum steady-state junction-to-thermistor temperature (a) selection of the 
peak temperature for a unity displacement power factor and modulation index (b) peak 
temperature calculated for all operating conditions 
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In this figure, the maximum steady-state temperature between each device and the internal 
thermistor is calculated over a complete output cycle when the inverter is operating with a 
unity displacement power factor and modulation index. As shown, the peak junction-to-
thermistor temperature calculated over the cycle can then be selected. This process is 
repeated at each displacement power factor and modulation index. Although some of these 
conditions do not reflect a true operating condition, they provide a good indication of the 
thermal interaction in the power module. The peak steady-state junction-to-thermistor 
temperature calculated in each of these conditions is shown in Figure 5.3(b). The next step 
is to identify the device in which this peak temperature occurs. For example, in Figure 
5.3(a) the device selected is the lower IGBT in the U phase (IUL). Therefore, when the 
displacement power factor and modulation index are unity, estimating the temperature of 
IUL (single frequency model) will ensure that the inverter is protected regardless of the 
output angle (ωt). However, as discussed, the device in which the peak junction-to-
thermistor temperature occurs is dependant on the operating conditions and this can be seen 
in the figure below:   
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 Figure 5.4: The devices in which the peak junction-to-thermistor temperature occurs 
when operating in a stationary vector condition with a constant power loss 
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From these results, it can be seen that in order to protect every device in the inverter the 
frequency model must be used to estimate the temperature of four devices; these are IUL, 
IVU, DUU and DVL. This is because in at least one of the operating conditions examined the 
peak junction-to-thermistor temperature occurs in one of these devices. These results show 
that when using the frequency model to protect the inverter in a stationary vector condition 
it is not necessary to implement the complete thermal impedance matrix. However, in a 
power module, the thermal coupling between the devices has a considerable impact on the 
device temperature, and this coupling is dependant on the layout of the power module. 
Therefore, if the frequency model is developed for a power module where the position of 
the devices and/or the internal thermistor are different (e.g. a power module produced by a 
different manufacturer) more or less devices may need to be modelled to ensure the inverter 
is protected under all possible operating conditions.  
 
The procedure outlined in this section has been used to identify the devices that must be 
modelled to protect an inverter operating in a stationary vector condition with a constant 
power loss. The same procedure can be used to identify the devices that must be modelled 
at different output frequencies and with different peak losses. In summary, to select the 
devices the following steps must be performed:  
 
1. Calculate the instantaneous temperature over a complete output cycle of the inverter 
using the self and mutual thermal impedances defined between the junction of a 
device and the chosen reference point.  
2. Repeat this calculation for each device and operating condition. These can include 
the output frequency, displacement power factor, modulation index and the peak 
switching and conduction losses for the IGBTs and diodes.    
3. Select the maximum temperature that occurs over the output cycle ( refjT −ˆ ).  
4. Identify the device in which the peak junction-to-thermistor temperature occurs. 
 
As described, for a given power loss a device is more likely to exceed its maximum 
temperature when operating at low output frequencies. Therefore, in the remainder of this 
chapter, the steps outlined above are used to select the devices that are required to protect 
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the inverter in a stationary vector condition and the effect of operating at different output 
frequencies is ignored.     
5.3.2 Estimated Temperature over a Complete Output Cycle of the Inverter 
In an inverter the reference temperature is usually measured by a thermistor and many 
manufacturers now include a thermistor within a standard power module. Therefore, the 
reference temperature used in the thermal model is an instantaneous value. Combining this 
with the output of the steady-state frequency model (constant value) will have a significant 
impact on the accuracy of the estimated temperature at low output frequencies. To show 
this effect, the temperature estimated using the frequency model is compared against the 
temperature of the hottest device in the inverter. A comparison for an inverter operating in a 
stationary vector condition is shown in Figure 5.5.    
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Figure 5.5: Comparison of the temperature estimated by the frequency model and the 
maximum steady-state temperature when operating in a stationary vector condition 
 
For these operating conditions, the peak junction-to-thermistor temperature occurs at an 
output angle of 2.79rads. At this angle the temperature estimated by the frequency model is 
identical to the maximum instantaneous temperature. However, over an output cycle the 
temperature measured by the thermistor changes due to the thermal coupling between the 
thermistor and the devices in the inverter (IGBTs and diodes). Therefore, since the output 
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of the frequency model is equivalent to the peak junction-to-thermistor temperature, when 
the inverter is operating at any other output angle, the temperature estimated by the 
frequency model will be higher than the hottest device. If this exceeds the maximum 
operating temperature, the drive will enter an error or trip condition, which will prevent any 
further increase in temperature. In this condition the performance will be restricted by the 
thermal model rather than the true operating temperature of the devices and this will have a 
direct impact on the rating of the inverter. For example, the results in Figure 5.5 show that 
the temperature of the hottest device is always below 150°C. Even so, to ensure that the 
temperature estimated by the thermal model does not exceed the maximum temperature the 
peak power loss in the IGBTs must be reduced from 68W to 62.5W. This decrease in power 
loss corresponds to a reduction in the maximum output current available from the inverter, 
which is an undesirable effect.      
 
However, as the output frequency is increased the ripple present in the measured thermistor 
temperature will be reduced. Eventually this will become a constant value, which is 
independent of the output angle. From tests carried out on a typical power module [111], it 
was found that the measured ripple temperature was negligible when the output frequency 
was above 5Hz. Therefore, using the frequency model to protect the inverter will only have 
a significant effect on the maximum output current available from the inverter at low output 
frequencies.  
5.4 Simplifying the Frequency Model  
In the previous section, it was shown that when using the frequency model to protect the 
inverter it is not necessary to calculate the temperature of every device. Therefore, 
compared to the implementation of the complete thermal impedance matrix the number of 
calculations that must be performed by the thermal model is significantly reduced. Even so, 
to implement the thermal model using the available resources further assumptions must be 
made in order to reduce the number of network elements (i.e. thermal impedances) used in 
the model.  
 
To show the effect of any assumptions, the temperature estimated by the frequency model 
is compared with the maximum instantaneous temperature calculated using the Simulink 
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model, which includes all of the mutual coupling in the power module. In the Simulink 
model it is assumed that the power loss for each device is a rectified sinusoid and the duty 
cycle is approximated using the third harmonic scheme. Thus, if the instantaneous 
temperature is compared directly with the output of the frequency model the differences 
between the calculated temperatures will be due to one or both of the following: 
 
a) The assumptions used to develop the frequency components for the 
switching and conduction loss models, i.e. the number of harmonic 
components used in the approximation of the power loss and duty cycle.   
b) The elements in the thermal impedance matrix not included in the model.  
 
The impact of the assumptions used to develop the frequency components for the models 
were reviewed in Chapter 4. Therefore, in order to isolate the effect of the simplifications 
made to the thermal impedance matrix, the temperature estimated by the steady-state 
frequency model is approximated by:   
 
 ( ) refnrefjnss TTT += ∞=−∞= )(ˆ         (5.8) 
 
The temperature calculated using this equation is equal to the output of the frequency 
model if all of the harmonics (n=0 to ∞) were included. Therefore, any differences in the 
comparisons will be due to the selection of the device being modelled and/or any of the 
mutual impedances that have been ignored. In the following comparisons the frequency 
model is developed using the thermal impedance measured between the junction of a 
device and the internal thermistor in the power module, while the operating conditions are 
the same as those defined in Section 5.3.1.  
5.4.1 Single Device Model 
In this section the temperature of a device is calculated using the self thermal impedance 
and any coupling that exists between the devices in the inverter is ignored. Therefore, the 
terms in the frequency model are calculated for the elements in a single equivalent Foster 
network. To implement this model the self impedance for a device must be selected from 
the complete thermal impedance matrix. 
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When an inverter is operating with a positive displacement power factor the power loss in 
an IGBT will normally be much higher than a parallel diode. Consequently, in this 
condition, the largest temperature difference measured between the junction of a device and 
the internal thermistor will occur in one of the IGBTs. However, the opposite applies when 
the displacement power factor is negative and in this condition, it is likely that the peak 
temperature will occur in one of the diodes. Therefore, because the effect of the operating 
conditions on an IGBT and diode are different, estimating the temperature of a single 
device will inevitably lead to a significant underestimation of the temperature in some 
operating conditions. To show this effect, the frequency model is used to estimate the 
temperature of the lower IGBT in the U phase (IUL) of the inverter. This device is selected 
from the results shown in Figure 5.4, which shows that the peak junction-to-thermistor 
temperature occurs more often in this IGBT.  
 
In Figure 5.6(a), the temperature estimated using the self thermal impedance (simplified 
frequency model) is compared with the maximum IGBT and diode temperature calculated 
using the complete thermal impedance matrix.    
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Figure 5.6: Comparison of the single device model developed for IUL when operating with a 
unity modulation index (a) junction-to-thermistor temperature (b) percentage error  
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In this figure, it is evident that in most operating conditions the temperature estimated by 
the frequency model is considerably lower than the maximum device temperature. As 
expected, the error is larger when the peak temperature occurs in one of the diodes. In 
Figure 5.6(b) the error is represented as a percentage of the maximum device temperature 
and since this is underestimated by the frequency model, the error is negative. The 
percentage error shown in this figure is an important indication of the error that could be 
expected when operating with a unity modulation index. However, the modulation index 
will have a significant effect on the accuracy of the simplified frequency model. 
Consequently, the error must be calculated over the full range of the modulation index 
(m=0 to 1). These results are shown in Figure 5.7(a).   
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Figure 5.7: Error in the single device model when operating in a stationary vector condition 
(a) IGBT model (b) IGBT and diode models implemented in parallel 
 
These results show that when using a single IGBT model with no coupling, the temperature 
is significantly underestimated in most operating conditions. Therefore, at minimum, the 
frequency model must be used to estimate the temperature of one IGBT and one diode in 
the inverter. Furthermore, if these models are implemented in parallel, the devices in the 
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inverter are protected by the model that estimates the highest temperature and this can 
improve the level of protection. As with the IGBT model, the diode is selected using the 
results in Figure 5.4. The diode used in the model is the upper diode (DUU) in the U phase 
of the inverter. The error calculated using the highest temperature estimated by the IGBT 
and diode model is shown in Figure 5.7(b). By running both models in parallel the 
maximum error has been considerably reduced, although it is still significant in many 
operating conditions. Consequently, this model cannot be used to protect an inverter 
operating at low output frequencies and an alternative model is required. Furthermore, the 
results presented in this section highlight the limitation of a model developed using the 
thermal impedances provided in the datasheet of a device. These are normally limited to the 
self thermal impedance for an IGBT and diode measured between the junction of the device 
and the case of the power model [71].   
5.4.2 Single Device Model including the Thermal Coupling between devices  
In order to reduce the error in the estimated temperature and develop a model that can be 
used to provide sufficient protection for the inverter, the thermal coupling from the 
neighbouring devices must be included. In this section, the temperature of IUL and DUU are 
calculated using the self and all of the mutual thermal impedances associated with these 
devices. Therefore, in this model, the temperature will only be underestimated if the peak 
junction-to-thermistor temperature does not occur in either of these devices. As previously, 
Figure 5.8(a) shows the error that would be expected if only the IGBT model (IUL) was 
used, whereas Figure 5.8(b) shows the error calculated when the IGBT and diode models 
are implemented in parallel. This allows a direct comparison to be made with the results in 
Figure 5.7, which shows the error calculated when only the self thermal impedance is used.  
 
As shown in Figure 5.8(a), when using the IGBT model there is no error in the operating 
conditions where the peak junction-to-thermistor temperature occurs in IUL. However, the 
error is still significant when the inverter is operating with a negative displacement power 
factor. Therefore, both models must be implemented in parallel. The error for this model is 
shown in Figure 5.8(b). This figure shows that the maximum error is reduced to 11% and 
where an error occurs, the peak junction-to-thermistor temperature does not occur either in 
IUL or DUU.  
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        (a)                   (b)  
Figure 5.8: Error in the single device model with thermal coupling when in a stationary 
vector condition (a) IGBT model (b) IGBT and diode models implemented in parallel 
 
Although incorporating the mutual thermal coupling into the model has been shown to 
reduce the error, any error in the thermal model is undesirable, especially if it could result 
in a device exceeding its maximum temperature. However, the error has been calculated 
using a single IGBT and diode with the inverter operating in a stationary vector condition, 
and when assessing the impact of this error the following factors should be considered:   
 
• If there are sufficient computational resources, more devices can be modelled to 
prevent any underestimation of the temperature (as described in Section 5.3.1). 
• The operating conditions where the error is significant are not practical in an 
inverter driving a motor load, i.e. operating at a low frequency with a high 
modulation index and displacement angle. Thus, the error calculated with a unity 
displacement factor is the most important. 
• The error will be different for each power module and will be considerably lower 
for a power module where the thermal coupling between devices is less significant. 
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Taking these factors into account the frequency model developed in the following chapters 
is based on the self and mutual thermal impedances for a single IGBT and diode. Where a 
significant error occurs due to the approximation of the power loss, duty cycle or the 
thermal characteristics, this must be incorporated into the final protection scheme in the 
form of a constant or variable (dependant on the operating conditions) safety margin. 
5.5 Thermal Parameters used in the Frequency Model 
In the simplified model described in Section 5.4.2, the temperature of one IGBT and one 
diode is estimated using the self and all of the mutual thermal impedances associated with 
these devices. To implement this model, these thermal impedances must be represented by 
an equivalent Foster network with one or more elements. The following parameters must be 
defined:  
 
• Thermal resistance (Rth) – This defines the magnitude of the frequency terms in a 
stationary vector condition.  
• Time constant (τth) – This defines the change in magnitude with the output 
frequency of the inverter. 
• Offset angle (α) – This is the phase shift used to represent the power loss in each 
device in the inverter with reference to the modelled device. This determines the 
magnitude of the corresponding sine and cosine components for each harmonic.   
 
The number of network elements that are used to represent the self and mutual thermal 
impedances are selected in the next section.  
5.5.1 Selection of the Elements in each Foster Network 
The number of elements used in the frequency model will have a direct impact on the 
number of calculations required to estimate the device temperature, but will also have an 
effect on the following:  
 
a) The magnitude of the steady-state frequency components 
b) The transient response  
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If possible, an equivalent network should have enough elements to ensure that the response 
of the network is an accurate representation of the measured impedance. In general, to 
achieve this no more than four elements are required [101, 112]. However, in this model, 
the number of elements that can be used is restricted by the available computational 
resource and at present, implementing a model with four elements in each network is not 
possible.  
 
In any power module, the temperature of an active device will be dominated by its self 
thermal impedance. By definition, this includes the impedance measured between the 
junction of the device and the case of the power module, e.g. the silicon chip, solder, case, 
etc. Therefore, there will be multiple time constants associated with this impendence and as 
a result, more elements must be used in these networks to provide a reasonable 
approximation. With these limitations in mind, the following elements have been chosen:  
 
• Self thermal impedance – Two network elements  
• Mutual thermal impedance – Single network element 
 
As discussed, the number of elements is constrained by the computational resource and if 
possible, more elements should be used to improve the transient response. In summary, to 
estimate the temperature of one device, each term in the switching and conduction loss 
models must be calculated for thirteen elements (two self and eleven mutual elements).    
5.5.2 Reducing the Number of Mutual Terms in the Frequency Model 
Several approaches that can be used to reduce the number of mutual impedances in a model 
based on the thermal impedance matrix have been described in the literature, and these 
include the following:  
 
a) Ignore any of the mutual thermal impedances that are negligible when compared to 
the self thermal impedance of the device.   
b) Use only the thermal impedances from the nearest neighbour to the device being 
modelled, and ignore the coupling from all other devices in the power module [1]. 
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By ignoring the thermal impedances that are negligible, the number of elements in the 
model can be reduced without significantly affecting the accuracy of the estimated 
temperature. However, when the temperature measured by the internal thermistor is used as 
the reference for the model, devices that are positioned close to either the modelled device 
or the thermistor have a significant effect. Therefore, using only the coupling from the 
nearest neighbours to the device can lead to a considerable under or overestimation of the 
temperature. An alternative method that is unique to the frequency model developed in this 
work is described below.   
 
If the time constant of two or more of the elements that are used to represent the mutual 
thermal impedance are the same, the magnitude of the terms in the frequency model will 
change at the same rate, i.e. they will have the same phase shift (β) and filter magnitude 
(AFn). If these elements are in the same network (same offset angle), the combined response 
can be represented by a single element by simply adding the thermal resistances together. 
This process is equivalent to adding two frequency components that are in phase, but with 
different magnitudes. This is illustrated in Figure 5.9.  
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Figure 5.9: Combining network elements with the same time constant and offset angle 
 
With this approach, instead of calculating the frequency terms for each element separately, 
the magnitude can be calculated once by using the combined network parameters. This is 
similar to the method that was described in Section 5.2, although the calculations in this 
section can be performed off-line. The method illustrated in Figure 5.9 can also be used to 
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combine network elements in different networks (different offset angles). This is equivalent 
to adding two or more frequency components that are not in phase. As a result, a different 
thermal resistance and offset angle must be used for each harmonic (n) in the frequency 
model. Even so, each term must still only be calculated once. The magnitude of the 
combined thermal resistance for the nth harmonic is given by: 
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where Rth,i(n) and αi(n) are the magnitude and phase shift for device i and the nth harmonic, m 
is the number of network elements with the same time constant and k is the position of the 
element in each network.  
 
Due to the implementation of the duty cycle, the terms in the frequency model for an IGBT 
and diode are different. Consequently, the network elements representing the coupling due 
to the loss in an IGBT and diode cannot be combined. Nevertheless, if the mutual thermal 
impedances from the IGBTs and diodes could be represented by a common time constant, 
all of the coupling in an inverter could be modelled by just two network elements, with one 
representing the coupling from the IGBTs and the other from the diodes. Using this 
approximation, the steady-state temperature in a stationary vector condition will remain the 
same, but the transient response will change. The effect this has on the accuracy of the 
estimated temperature will depend largely on the thermal properties of the inverter, 
specifically the ratio between the self and mutual thermal impedances. Furthermore, the 
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method used to select the common time constants for the combined network elements will 
have a significant effect. This is described in the following section.   
5.5.2.1 Calculation of the Common Time Constants for the Combined IGBT and 
Diode Networks 
In order to combine the equivalent networks for the mutual thermal impedances, a common 
time constant must be selected for the network elements used to represent the coupling 
from the IGBTs (τth,IGBT) and diodes (τth,diode) in the inverter. In order to select these time 
constants, a Simulink model is used to calculate the instantaneous temperature response of 
the modelled devices (IUL and DUU) during a step change in the peak power loss. This 
calculation is repeated using the original network parameters determined from the Flotherm 
model and the common time constants, which are selected to minimise any differences 
between the responses.  
 
An example of the step response calculated for the IGBT model operating in a stationary 
vector condition is shown in Figure 5.10(a). The time constants used in this comparison 
are:  
 
τth,IGBT = 3.5s 
τth,diode = 3s  
 
The difference between the temperature responses is shown in Figure 5.10(b). In this figure 
a negative value indicates that the temperature is underestimated. For the chosen operating 
conditions, which are the same as those defined in Section 5.3.1, the temperature is never 
underestimated (negative value) by more than 2°C. As well as the transient response, this 
approximation will also have an effect on the steady-state temperature calculated at higher 
output frequencies. However, because the time constants associated with the mutual 
coupling are relatively long, the effect that these terms have on the device temperature falls 
rapidly as the output frequency is increased and any error will be negligible. Therefore, the 
time constants for the combined networks used in the thermal model are selected using this 
procedure. This is covered in Chapter 7. 
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  (a)          (b)  
Figure 5.10: Comparison of the step response calculated using the original network 
parameters and the common time constants in a stationary vector condition with a unity 
modulation index (a) step response (b) temperature difference  
 
The procedure used to calculate the thermal parameters for one device is summarised 
below, all of these calculations can be completed off-line:   
 
1. Calculate the thermal resistance, time constant and offset angle for the two network 
elements used to represent the self impedance for the chosen device. 
2. Calculate the thermal resistance, time constant and offset angle for the eleven 
mutual impedances for the chosen device. 
3. Use Equations 5.9 and 5.10 to calculate the thermal resistance and offset angle for 
the combined networks representing the coupling from the IGBTs and diodes in the 
inverter, and repeat this for each harmonic (n=1 to 3). 
4. Select the common time constant for the combined IGBT (τth,IGBT) and diode 
(τth,diode) networks. 
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Using this procedure, the parameters of four Foster network elements are calculated. These 
represent the self and all of the mutual thermal impedances associated with one device. 
Therefore, the terms in the frequency model only need to be calculated eight times, once for 
each peak loss (switching and conduction) applied to each network element (two self and 
two mutual elements).  
5.6 Implementation of the Frequency Model and Summary of the Input Parameters 
To implement the frequency model the following temperatures must be calculated: 
 
• Steady-State (Tripple) – The peak ripple temperature is calculated from the 
frequency components using the Taylor series approximation and this component 
is applied as a constant value. 
• DC (TDC) – The magnitude of the DC terms for each network element in the 
model are calculated separately. These magnitudes are applied to an individual 
transfer function of a first order filter with a unity magnitude (1K/W) and the time 
constant of the associated network element.    
• Transient (Texp) – This magnitude is calculated from the change in the peak 
ripple temperature and this is applied to a high pass filter. The time constant (τexp) 
used in this filter is selected from one of the four network elements.   
 
The control diagram for the frequency model is shown in Figure 5.11. This diagram shows 
how the thermal model is implemented in the drive. It includes all of the input parameters 
that are required to calculate the peak loss in an IGBT or diode, and the resulting steady-
state, DC and transient components of the temperature response. The input parameters in 
this diagram are separated into the following categories:  
 
1. → Measured device parameters 
2. → Thermal parameters calculated off-line 
3. → Internal feedback parameters 
 
The main parameters that are calculated on-line are shown at the output of the various 
control blocks.  
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Figure 5.11: Control flow diagram for the implementation of the IGBT frequency model for a three phase inverter
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The model shown in the control diagram is used in Chapter eight to compare the estimated 
and measured device temperatures and is implemented in the control microprocessor of the 
drive described in the next chapter. In this drive the thermal model runs in a background 
routine operating at a cycle rate of 250Hz and the input parameters are sampled at the 
beginning of each cycle.  
 
The model implementation combines the frequency analysis used to calculate the 
magnitude of the ripple components with the time domain implementation of the DC and 
transient components. The frequency components developed in the previous section are 
used to calculate the ripple temperature for each of the four network elements. These ripple 
components are combined to calculate the peak ripple temperature and this is used as the 
input to the transient component. To ensure the transient component calculates the 
maximum temperature it is assumed that the exponential output (Texp) is positive regardless 
of the direction of the change in the peak ripple. To implement this, the magnitude of the 
change in the peak ripple is calculated and this is applied to the high pass filter which is 
implemented in the time domain. The output of this filter is always a positive component 
that decays exponentially.    
 
Out of the parameters shown in the control diagram the only parameter that has not yet 
been defined is the time constant (τexp) used in the transient component. The magnitude of 
the transient component is determined directly from the change in the ripple temperature, 
which is a function of the thermal parameters in each of the network elements (i.e. the self 
and mutual impedances). In order to implement more than one transient component, the 
terms in the frequency model would have to be recalculated for each individual element 
using the location of the peak ripple (ωtmax) found from the combined response. From this, 
the change in the ripple temperature associated with each of the elements could be used to 
determine the magnitude of the individual transient components. However, these additional 
calculations cannot be performed using the existing computational resource and the 
transient component must be approximated by a single characteristic. The effect that this 
has on the estimated temperature will depend largely on the thermal properties of each 
network and the chosen time constant. As a compromise between protection and 
performance, the time constant used in the model is the longest time constant in the 
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equivalent network of the self thermal impedance. However, this time constant is often 
much shorter than the time constants associated with the mutual thermal impedances. 
Consequently, at a low output frequency where the effect of the mutual thermal impedance 
is more significant, this approximation may result in a slight underestimation of the device 
temperature because the transient term will decay too fast.     
 
In the following chapters, the complete thermal model illustrated in Figure 5.11 is used to 
estimate the temperature of an IGBT and diode in a production drive. The methods used to 
measure the electrical and thermal characteristics of the power module used in this drive are 
described in Chapter 6. These measurements are then used in Chapter 7 to calculate the 
input parameters required by the frequency model. Finally, in Chapter 8 the temperature 
estimated by this model is compared with the temperature measured using a thermal 
camera.  
5.7 Summary 
In this chapter the thermal model was applied to a typical power module. In order to 
estimate the temperature of a device in this module the thermal model has been extended to 
allow the thermal characteristics to be represented by multiple Foster networks with one or 
more elements. However, using the available computational resources it is not possible to 
implement the full model (thermal impedance matrix) on-line. Consequently, the main 
focus of this chapter was to develop a simplified thermal model and this was achieved by 
selecting only the key thermal impedances. To show how the selection of the thermal 
impedance impacts the protection provided by the thermal model, the effects of the 
following simplifications were investigated with the inverter operating in a stationary 
vector condition: 
 
1. Multiple device model using the self and mutual thermal impedance of each device 
in which the peak junction-to-thermistor temperature occurs. 
2. Single device model using the self thermal impedance of one IGBT and diode 
3. Single device model using the self and mutual thermal impedance of one IGBT and 
diode 
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The first of these was shown to protect all of the devices in the inverter. However, this 
model uses the self and mutual thermal impedances associated with several devices and for 
this reason, it cannot be implemented on-line. In contrast, using only the self thermal 
impedance significantly reduces the number of on-line calculations, but results in a 
significant underestimation of the temperature. As a compromise, the final model includes 
all of the mutual thermal impedances associated with a single IGBT and diode, which 
significantly improved the protection for the inverter. Therefore, this model was chosen to 
form the basis of the final solution.  
 
Even though the complexity of the chosen model has been significantly reduced when 
compared to the complete thermal impedance matrix, it is still not possible to implement 
this using the available resources. Thus, in the remainder of this chapter a procedure that 
can be used to combine the frequency components of the network elements that represent 
the mutual thermal impedance between devices was described. This procedure can only be 
applied in conjunction with the frequency model and importantly, all of these calculations 
can be performed off-line. Finally, the method used to implement the on-line thermal model 
was presented in the form of a control diagram and from this all of the input parameters 
were defined.                                                                           .
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Chapter 6:  Measurement of the Power Module Parameters  
 
 
6.1 Introduction 
The thermal model that was developed in Chapters 4 and 5 requires a number of thermal 
and electrical device parameters that cannot be obtained directly from the datasheet, or that 
are not specified in sufficient detail. Consequently, before the thermal model can be 
implemented in a drive, the transient thermal impedance together with the switching and 
conduction loss parameters for every device in the inverter must be measured. The methods 
used to measure these parameters and the key results are described in this chapter.    
 
The drive used to evaluate the thermal model has been selected from the existing range of 
products that are offered by Control Techniques. A description of this drive and the 
integrated power module is included in Section 6.2. Where possible, the parameters 
required by the thermal model are measured using a standard power module. However, in 
order to use an infrared camera to measure the temperature of the devices in the inverter 
stage the power module must be modified. This procedure is described in section 6.2.1. The 
temperature measured by the infrared camera (Tj) and the internal thermistor (Tth) in the 
power module are used in the calculation of the transient thermal impedance. The following 
thermal impedances are calculated in Section 6.3: 
 
• Self thermal impedance measured between a device (i) and the internal thermistor 
in the power module – Zth,ii(j-th)  
• Mutual thermal impedance measured between a device (i) and the internal 
thermistor in the power module – Zth,i≠j(j-th)  
 
These cannot be determined from the datasheet of the device since typically, only the self 
thermal impedance measured between the junction of a device and the case of the power 
model is defined. Furthermore, as described in Chapter 5, in order to select the devices used 
in the frequency model the temperature of every device in the inverter is calculated using 
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the complete thermal impedance matrix. Therefore, although the parameters required to 
implement the model are calculated from the thermal impedances associated with a single 
IGBT and diode, the self and mutual thermal impedances must be measured for every 
device in the inverter. The factors that affect these calculations and the key results are 
presented in Section 6.3.2 and 6.3.3.    
 
As well as the thermal parameters, in order to calculate the temperature response the total 
power loss in each device must be known and in the thermal model, this is calculated on-
line. To calculate the power loss, a number of parameters that are dependant on the 
configuration of the inverter (e.g. the gate resistance, stray inductance, etc) are required. 
Consequently, these parameters cannot be determined directly from the datasheet of the 
device and must instead be measured in the same configuration that will be used to evaluate 
the thermal model. The experimental setup that is used to measure the parameters for an 
IGBT and diode is described in Section 6.4.1. Using this method, the following switching 
loss parameters are measured:  
 
• Turn-on switching energy of an IGBT  – Eon 
• Turn-off switching energy of an IGBT  – Eoff  
• Turn-off switching energy of a diode  – Erec 
 
An example of the waveforms measured during these tests and the resulting energy loss are 
shown in Section 6.4.2. The following parameters are required to calculate the conduction 
loss in a device and these are measured in Section 6.4.3: 
 
• On-state voltage of an IGBT  – VCE 
• On-state voltage of a diode  – VF 
 
The loss parameters listed above are not constant values, but are dependant on the device 
current (IL), temperature (Tj) and DC link voltage (VDC). Therefore, the loss parameters are 
measured over the full range of operating conditions and this requires multiple tests to be 
performed.   
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6.2 Device Selection and Power Module Preparation 
To evaluate the thermal model under typical operating conditions the model is implemented 
in a standard production drive. The drive selected for this evaluation is a Control 
Techniques Unidrive SP [113], which has a rated continuous output power of 15kW. A 
picture of this drive and an unmodified power module are shown in Figure 6.1. 
 
 
Figure 6.1: Control Techniques Unidrive SP and power module 
 
As well as the devices in the inverter stage, the power module used in this drive includes a 
three phase rectifier and brake IGBT [111]. The rated current of this module is 75A. This 
rating refers to the maximum continuous output current that is available from the inverter 
for a given case temperature. As shown, the devices are enclosed within the power module. 
Therefore, to allow an infrared camera to be used the module must be modified and this is 
described in the following section.  
6.2.1 Power Module Preparation 
In the experimental methods described in this chapter the temperature of the devices in the 
inverter are measured using an infrared camera. To prepare the power module for thermal 
testing the lid of the module and the internal silicone gel is removed. Afterwards a thin 
layer of black paint is applied to the surface in order to provide a known and uniform 
emissivity. A picture of the power module prepared by the manufacturer is shown in Figure 
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6.2. This figure shows the positions of the devices in the inverter, which are protected by 
the thermal model, and the internal thermistor used to provide the temperature feedback.  
 
 
Figure 6.2: Power module after preparation for thermal testing  
 
After the module has been prepared, it is assumed that the emissivity of the surface of each 
device is constant and has a value of 0.95, which is a typical emissivity for matt black paint 
[114-116].  
6.3 Thermal Impedance Measurements 
In the thermal model, the temperature feedback is provided by the internal thermistor in the 
power module (Tth). Using this measurement, the junction temperature (Tj) is estimated 
using the known power loss (P) and the transient thermal impedance between the device 
and the thermistor. For example, the self impedance of device i can be calculated using: 
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−
  (K/W)       (6.1) 
 
This transient thermal impedance can be calculated from the measured heating or cooling 
response due to a step change in power loss. However, the properties of an IGBT and diode 
are highly dependant on the device temperature and this makes it difficult to maintain a 
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constant power loss in the device as it is being heated [117]. Therefore, in this work, the 
thermal impedance is calculated from the cooling response, the same technique is used by 
most manufacturers [118]. In this approach a known power loss is used to heat the device to 
the desired steady-state temperature. As this temperature is increased the thermal 
conductivity of the different materials in the device and module fall [119]. Consequently, to 
ensure that the maximum steady-state thermal impedance (i.e. the thermal resistance) is 
measured the device is heated to the maximum operating temperature (150°C). Once the 
temperature has stabilised, the power loss is removed (t=0s) and the temperature of every 
device, including the internal thermistor, are measured as they decay towards the ambient 
temperature. An example of a typical cooling response is shown in Figure 6.3(a). 
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     (a)            (b) 
Figure 6.3: Example of the thermal impedance calculation (a) measured cooling response 
for the device and thermistor (b) calculated transient thermal impedance 
 
To calculate the transient thermal impedance, the temperature difference measured between 
the device and the thermistor, which is highlighted in this figure, is divided by the power 
loss required to heat the device to its maximum temperature. The transient thermal 
Theating(t)=Tcooling(max)-Tcooling(t) 
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impedance calculated using the measured cooling response is shown in Figure 6.3(b). 
However, it is more conventional to present the results in the form of a heating response 
and both are compared in this figure. In this example, a power loss of 100W is used to heat 
the device. As a result, the steady-state thermal impedance is 0.5K/W.             
6.3.1 Experimental Setup 
When measuring the thermal impedance it is important that the thermal characteristics of 
the system are as close as possible to those that will be experienced by the device during 
normal operation. Therefore, the heatsink, fan and fan speed used in the thermal impedance 
measurements must be the same as those used in a standard drive. However, to measure the 
device temperature using an infrared camera the lid of the power module and the internal 
silicone gel has been removed. The silicone gel in a module is not intended to provide an 
additional cooling path, and typically has a relatively low thermal conductivity of between 
0.2 and 0.3W/mK [120]. However, removing the gel will allow the convection of heat from 
the surface of a device, changing its thermal characteristics. Nevertheless, in this work, the 
thermal impedance is measured using the same power module that is used to evaluate the 
thermal model. Therefore, in both of these experiments the thermal characteristics will be 
identical. Even so, when applying the thermal model to a standard power module the 
thermal impedances may be different. This effect will be reviewed as part of the further 
work. A schematic diagram of the experimental setup used to measure the thermal 
impedances in the inverter stage of the power module is shown in Figure 6.4.  
 
 
Figure 6.4: Equipment setup used to measure the transient thermal impedance 
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In this diagram, it can be seen that an external power supply is used to apply a DC current 
(IL) to the device under test. This current and the resulting conduction loss in the device, 
which is calculated using the voltage and current measured at the terminals of the power 
module, is used to heat the device to its maximum operating temperature. When measuring 
the thermal characteristics of an IGBT, the device is turned on by a constant gate voltage 
(+15V) from a second power supply. This is shown in the circuit diagram in Figure 6.5.  
 
Figure 6.5: Test circuit for the thermal impedance measurements 
 
In this example the external power supply is connected between the +DC link and the U 
phase motor terminals (current flows into the +DC link) and the circuit is configured to 
measure the thermal impedance of IUU. In order to measure the thermal impedance of the 
parallel diode associated with this IGBT (DUU) the connections on the supply are reversed.  
6.3.1.1 Temperature Measurements 
In the thermal impedance measurements the temperature of the thermistor and the devices 
in the inverter are measured using the following methods.  
 
Thermistor Temperature 
The temperature of the thermistor (Tth) is calculated from the measured resistance using the 
resistance-temperature characteristics provided by the manufacturer [121]. In the transient 
measurements, this resistance is measured using a data logger [122] and is recorded at a 
sample frequency of 4Hz.  
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Device Temperature 
The surface temperature of the IGBTs and diodes are measured using an infrared camera 
[123] and in the calculation of the thermal impedance, this temperature is referred to as the 
junction temperature of the device (Tj). In these measurements, the maximum sample rate 
of the camera is limited to approximately 500Hz. An example of the thermal image for an 
IGBT and diode measured during steady-state operating conditions is shown in the figure 
below:  
 
  
 
(a)       (b) 
Figure 6.6: Example of the measured surface temperature for (a) IGBT and (b) diode  
 
In the image of the IGBT, the cooler region of the gate, which is located at the centre of the 
device, and the individual elements of the collector metallization to which the bond wires 
are attached is just visible. The cooler regions (dark blue) seen on the bond wires in both 
images are caused by the poor adhesion of the black coating in the areas where they are 
soldered to the surface of the device. This reduces the emissivity in these areas and 
subsequently the temperature measured by the infrared camera.   
6.3.2 Calculation of the Self Thermal Impedance  
As shown in the previous example, using an infrared camera allows the temperature at any 
point on the surface of a device to be measured. Nevertheless, in order to calculate the 
thermal impedance a discrete temperature must be selected. When using an infrared 
camera, this temperature can be the mean or maximum temperature measured over a 
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specified area of the device. However, given that the main aim of the thermal model is to 
protect the inverter by preventing a device from exceeding its maximum temperature, the 
self thermal impedance is calculated using the maximum temperature measured over the 
entire surface of a device (i.e. the hotspot). This will give the highest thermal impedance.    
6.3.2.1 Results and Comparison 
The measured cooling temperatures and the calculated self transient thermal impedance for 
the upper IGBT in the U phase of the inverter (IUU) are shown in Figure 6.7.  During the 
initial cooling period the temperature of the IGBT falls rapidly, although due to the longer 
thermal time constants associated with the case of the power module, the temperature of the 
thermistor is almost constant over this initial period (t<2s). 
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     (a)           (b) 
Figure 6.7: Self thermal impedance calculations (a) measured cooling temperatures (b) 
transient thermal impedance between the device and thermistor 
 
The self thermal impedance calculated from the measured cooling response is shown in 
Figure 6.7(b). From this figure, it can be seen that the steady-state thermal impedance or 
thermal resistance for IUU is 0.56K/W. However, the thermal impedance used in the thermal 
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model is dependant on the distance between a device and the internal thermistor. Therefore, 
for most power modules the thermal impedance of each device will be different. To show 
this, the thermal resistance between the IGBTs and the internal thermistor, measured with 
the cooling fan on and off, are compared against the published datasheet value and this 
comparison is shown in the figure below:  
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Figure 6.8: Comparison of the measured (Rth,ii(j-th)) and datasheet (Rth(j-c)) self thermal 
resistance for the IGBTs in the inverter 
 
The thermal impedance in the datasheet of a device is normally measured between the 
junction and the case directly under the device [71, 124]. Consequently, when using this 
value it must be assumed that the temperature of the case and the thermistor are identical. 
Furthermore, due to the expected degradation of the thermal resistance over the lifetime of 
the device the thermal resistance in the datasheet will include a safety margin in the order 
of 20% [125, 126]. However, despite this margin, the results in Figure 6.8 show that the 
thermal resistance measured between an IGBT and the thermistor is significantly higher 
than the datasheet value. This indicates that the temperature measured by the thermistor is 
much lower than the temperature of the case directly under the device. Thus, when 
developing a thermal model it should never be assumed that the temperature of the case and 
the thermistor are the same. This comparison highlights the major limitation of the thermal 
impedance quoted in a datasheet and a similar conclusion was made in [1].  
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Despite a significant change in the heatsink temperature, the results in Figure 6.8 show that 
when the cooling fan is turned off the thermal resistance measured between the device and 
the thermistor is only slightly increased. Consequently, in this power module, the effect of 
the fan speed can be ignored and the thermal model is developed using the values measured 
with the fan operating at its nominal speed. However, in different power modules and/or 
configurations, the fan speed may have a significant effect on the measured thermal 
impedances. If this is true, this effect cannot be ignored.  
 
The self thermal impedances for the diodes in the inverter are measured using the same 
approach and for completeness, a similar comparison is shown in Appendix B. 
6.3.2.2 Internal Parasitic Resistance 
As discussed, the power loss in a device is calculated using the voltage and current 
measured at the terminals of the power module. However, in a power module there will be 
an internal parasitic resistance between each device and the terminals. This includes the 
resistance of the terminals, copper tracks, aluminium bond wires and the various 
connections within the module. When calculating the thermal impedance the parasitic 
resistance will have the following effects:    
 
a) The power loss that is calculated using the voltage and current measured at the 
terminals of the power module will include the power loss in the parasitic 
resistance.  
b) The measured device temperature will include the temperature rise due to any 
mutual thermal coupling between the parasitic resistance and a device.   
 
Because of the parasitic resistance, some manufacturers provide two on-state voltages for 
an IGBT in the datasheet, one measured directly across the device and another measured 
across the terminals of the module. Comparing these values will give an indication of the 
internal resistance in the power module. However, the parasitic resistance is highly 
dependant on the position of a device and more specifically, its proximity to the terminals 
of the module. Therefore, in order to calculate the power loss in a device, the parasitic 
resistance between each device and the terminals must be measured. This resistance is 
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measured using the same experimental setup as the thermal impedance, although in these 
measurements the voltage is measured between a device and the terminals. These tests were 
performed with a device conducting the rated current of the module, which in this instance 
is 75A. The locations of the resistances measured in a single phase of the inverter are 
shown in the figure below: 
 
Figure 6.9: Definition of the internal parasitic resistance in a single phase of the inverter  
 
From this figure, it can be seen that if the on-state voltage is measured at the terminals of 
the module, each measurement will include the voltage drop across two parasitic 
resistances. The resistances (R1 to R8) measured in each phase are shown the table below: 
 
Table 6.1: Internal Resistance 
Resistance (mΩ) 
Motor Output 
R1 R2 R3 R4 R5 R6 R7 R8 
U 0.81 2.03 0.74 2.09 0.88 1.81 0.83 1.85 
V 1.93 2.36 0.83 3.41 1.93 2.23 1.89 2.37 
W 2.55 2.09 1.09 4.08 1.59 1.42 0.75 4.15 
 
For the module used in this drive, the maximum parasitic resistance is measured between 
the terminals and the lower IGBT in the W phase of the inverter (R3 and R4). The total 
resistance for this device is 5.17mΩ. At rated current, the voltage drop across this resistance 
will be 0.39V. This equates to an additional power loss of 29W. Therefore, if the voltage 
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drop across the parasitic resistance is ignored, the power loss used in the thermal 
impedance calculations will be significantly higher than the true power loss in the device. 
Consequently, the calculated thermal impedance will be reduced and will result in an 
underestimation of the device temperature. Thus, to calculate the power loss in a device, the 
voltage drop across the parasitic resistance must be subtracted from the voltage measured at 
the terminal of the power module. This voltage drop can be calculated using the resistances 
in Table 6.1, which were measured at an ambient temperature of 23°C and at the rated 
current of the module. However, the temperature coefficient of resistance, for both copper 
and aluminium is 3.9e-3K-1 [127] and a change in temperature of 25°C will result in a 10% 
change in the internal resistance. Although, even at rated current, this equates to no more 
than 2.2% of the nominal on-state voltage of a device. A detailed analysis of the parasitic 
resistance in a power module, which includes the effect of temperature is given in [128]. In 
this work the dependency of the parasitic resistance with temperature is ignored. This 
approximation allows the values in Table 6.1 to be used in the power loss calculation.      
 
In addition to the voltage drop, any thermal coupling that exists between a device and the 
internal resistance (mutual thermal coupling) will be incorporated into the measured 
thermal impedance, i.e. the measured temperature will include the temperature rise due to 
the mutual coupling from the parasitic resistances. The impact that this has on the measured 
thermal impedance will depend on the magnitude of this coupling. To investigate this, the 
temperature of the interconnecting bond wires has been measured when one of the diodes in 
the inverter is operating at the rated current of the module. Under this condition, the power 
loss in the bond wires will be at its maximum. The thermal image taken using the infrared 
camera and the temperature profiles measured along the upper surface of the DCB and 
diode are shown in Figure 6.10. From the temperature measured along profile A, it can be 
seen that although the power loss in the parasitic resistance is sufficient to significantly 
increase the temperature of the bond wires, the temperature measured either side of the 
connections to the DCB falls rapidly. Therefore, from the results shown in Figure 6.10(b), 
it can be concluded that the thermal coupling between the parasitic resistance and a device 
does not have a significant effect on the measured device temperature. As a result, when 
calculating the thermal impedance the effect of the thermal coupling between the parasitic 
resistance and a device can be ignored.  
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       (a)                 (b) 
Figure 6.10: Investigation into the effect of the mutual coupling between the parasitic 
resistance and a device (a) thermal image with profiles (b) measured profile temperature  
 
In summary, to calculate the thermal impedance using the voltage and current measured at 
the terminals of the power module, the following factors are considered:     
 
a) Device power loss – To avoid underestimating the device temperature, the voltage 
drop across the internal parasitic resistance is subtracted from the voltage measured 
at the terminals of the module. This voltage is then used to calculate the power loss.  
b) Change of resistance with temperature – Compared to the on-state voltage of the 
device, the voltage drop attributed to the change in the internal resistance with 
temperature is negligible. Therefore, the voltage drop across the parasitic resistances 
is calculated using the measured resistances in Table 6.1.   
c) Mutual thermal coupling – The temperature rise due to the thermal coupling 
between the parasitic resistance and a device (including the thermistor) does not 
have a significant effect on the calculated thermal impedance and this is ignored.       
6.3.3 Calculation of the Mutual Thermal Impedance 
To measure the mutual thermal impedance an infrared camera is used to measure the 
temperature of every device in the inverter simultaneously. To calculate the mutual thermal 
impedance a discrete device temperature must be selected. However, due to the thermal 
Chapter 6: Measurement of the Power Module Parameters 
 
148 
coupling between the neighbouring device(s) in the power module the temperature 
distribution measured over the surface of a device is dependant on the following:  
 
a) Distance between the devices and the location of the thermistor 
b) Operating conditions and the resulting power loss in each device (e.g. current, 
voltage and temperature) 
 
To illustrate the effect that the distance between the devices has on the temperature 
distribution, the temperature is measured across the centre of the upper IGBT in the U 
phase (IUU) of the inverter when it is operating under self and mutual heating conditions. 
The measured temperatures, which are normalised to the maximum temperature measured 
over the complete surface of the device (Tmax), are compared in Figure 6.11(a). In this 
figure, the temperature rise due to the mutual heating from a neighbouring device is 
measured when a power loss is applied to the diodes DUU and DWL.  
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Figure 6.11: Normalised temperature distribution showing the effects of the (a) distance 
between the devices
 
(b) operating conditions and power loss in each device 
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Under the self heating conditions where the power loss is applied to IUU, the maximum 
temperature is measured between the gate located at the centre of the IGBT and the edge of 
the device. However, when the power loss is applied to DUU, which is the nearest device to 
IUU, a significant temperature gradient exists across the device and the maximum 
temperature is measured at the edge closest to DUU. Alternatively, when the power loss is 
applied to DWL, which is the device furthest from IUU, the temperature profile is almost 
constant. Consequently, if the maximum temperature is used to define the mutual thermal 
impedance, under some conditions the thermal model will significantly overestimate the 
device temperature. Furthermore, the power loss in each device will have an effect on the 
temperature distribution. In order to show this effect, the temperature along the upper 
surface of the simple heat spreader in Figure 6.12 is calculated under different power loss 
conditions. The results from this investigation are shown in Figure 6.11(b). 
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Figure 6.12: Heat spreader with two heat sources 
 
Initially, when the power loss in each device is the same (P1=P2) the self heating in the 
device dominates the temperature rise and the maximum temperature is measured at the 
centre of device 1 (40mm). However, the temperature profile changes as the effect of 
mutual coupling between the devices becomes more significant (P1<<P2). In this condition, 
the location of the maximum temperature moves towards the edge of the device (44mm).  
 
In summary, the results in this section show that the temperature distribution for each 
device in the inverter is different and will continuously change with the operating 
conditions. However, the temperature of an active device is dominated by its self heating 
(self thermal impedance). Thus, any error caused by the definition of the mutual thermal 
impedance is less significant. Therefore, to allow a simple and consistent definition to be 
used for every device, the mutual thermal impedance is calculated using the mean surface 
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temperature. This definition is a compromise between the protection offered by the thermal 
model and the maximum performance of the drive.  
6.3.3.1 Comparison and Results 
An example of the measured cooling temperature and the mutual transient thermal 
impedance measured when a power loss is applied to the upper IGBT in the U phase (IUU) 
is shown in Figure 6.13. Unlike the self thermal impedance, when calculating the mutual 
thermal impedance the temperature of every device in the inverter is measured 
simultaneously, although in this example the temperature of only two devices is shown. 
 
0
10
20
30
40
50
60
70
80
0 5 10 15
Time (s)
Te
m
pe
ra
tu
re
 
(°C
)
DUU - Thermistor
IWL - Thermistor
DUU
IWL
Thermistor
 
-0.05
0
0.05
0.1
0.15
0.2
0.001 0.01 0.1 1 10 100 1000
Time (s)
Z t
h 
(K
/W
)
Zth(DUU-IUU)
Zth(IWL-IUU)
 
(a)       (b) 
Figure 6.13: Mutual thermal impedance calculation (a) measured cooling temperature (b) 
transient thermal impedance between the device and thermistor 
 
In Figure 6.13(a), it can be seen that when a power loss is applied to IUU the mean 
temperature measured on the surface of DUU is higher than the thermistor. Consequently, 
the thermal impedance calculated between this device and the internal thermistor is 
positive. However, as shown in Figure 6.2, the distance between IUU and the thermistor is 
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smaller than the distance between IUU and IWL. Thus, when IUU is heated the temperature 
measured by the thermistor will be higher than IWL. As a result, the calculated mutual 
thermal impedance will be negative.  
 
The mutual thermal resistance between IUU and the five other IGBTs in the inverter are 
shown in Figure 6.14. In this figure, it can be seen that the mutual thermal impedance is 
negative for any device that is further from IUU than the thermistor, i.e. a distance between 
devices greater than 42mm. In addition, the results show that the fan speed has a greater 
impact on the measured thermal resistance as the distance between the devices is increased. 
This characteristic is caused by the change in the temperature gradient across the surface of 
the heatsink and the case of the power module, which is dependant on the speed of the 
cooling fan.   
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Figure 6.14: Mutual thermal impedance measured when a power loss is applied to IUU 
 
When the fan is turned off, the measured mutual thermal impedance is in general smaller 
than the impedance measured with the fan operating at its nominal speed. Therefore, if it is 
assumed that the fan is always on the thermal model will overestimate the device 
temperature. Consequently, as with the self thermal impedance, the thermal model is 
developed using the thermal impedances measured with the fan on. The mutual thermal 
resistance for every device in the inverter is compared in Appendix B.  
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In the previous sections, the procedures used to calculate the self and mutual transient 
thermal impedances have been described and the key results have been compared. In order 
to calculate the thermal impedance several decisions have been made that could have a 
significant effect on the calculated values; these include the choice of the discrete device 
temperature, the use of the cooling or heating response and the parameters used to calculate 
the power loss. Where possible, the values used to calculate the thermal impedance have 
been selected to avoid any significant under or overestimation of the device temperature.     
6.4 Loss Parameter Measurements 
The loss parameters measured for a device are used by the thermal model to calculate the 
conduction and switching loss under any operating condition and these calculations are 
performed on-line. The parameters required by the thermal model are measured using the 
experimental setup described in the next section.      
6.4.1 Experimental Setup 
In an inverter, the measured turn-on energy of an IGBT must include the additional 
switching energy due to the reverse recovery current in the anti-parallel diode and this 
requirement defines the test circuit and procedure. The test circuit used to measure the loss 
parameters is shown in Figure 6.15. In this figure, a load inductor is connected between the 
U phase motor terminal and the positive DC link terminal of the power module; this 
inductor is required to provide a constant load current during the switching event.   
 
Figure 6.15: Test circuit used to measure the switching and conduction loss parameters for 
the lower IGBT (IUL) and upper diode (DUU) in the U phase of the inverter 
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This particular configuration allows the loss parameters to be measured in the lower IGBT 
and the upper diode in the U phase. The loss parameters must be measured over the full 
range of operating conditions and in the experimental setup the DC link voltage, 
temperature and switching current are controlled using the following methods:  
 
• DC link voltage (VDC) – The voltage is controlled by a high voltage power supply 
connected directly to the DC link terminals of the power module (0-1000V). 
• Temperature (Tj) – The entire power module is heated by a power resistor attached 
to the case of the module (I2R heating). 
• Current (IL) – The current is controlled by varying the on-time of the IGBT in the 
test circuit. In Figure 6.15 the active IGBT is IUL.   
 
In the circuit configuration shown in Figure 6.15, the current in the IGBT (IC) is measured 
directly using a current transducer placed in the negative DC link connection between the 
inverter and the DC link capacitance. During these tests, the current in the anti-parallel 
diode cannot be measured directly and is calculated by subtracting the IGBT current from 
the measured load current (IL). Unlike the thermal impedance measurements, the voltage 
across the device is measured between the emitter terminal of the IGBT and the power 
terminal of the module (DC link or motor). This minimises the effect that any internal stray 
inductance in the power module has on the voltage measured during the switching events.     
6.4.2 Switching Loss Parameters 
As discussed in Chapter 2, when compared to the other losses in the inverter the turn-on 
loss in a diode is insignificant and is usually ignored. Therefore, the switching loss 
parameters used in the thermal model are:  
 
• Turn-on switching energy of an IGBT   – Eon 
• Turn-off switching energy of an IGBT  – Eoff  
• Turn-off switching energy of a diode    – Erec 
 
To allow the power loss to be calculated in any operating condition, these parameters are 
measured over the range of conditions shown in Table 6.2. In each of these, the switching 
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energy is measured several times and the average energy is used to generate the input 
parameters for the thermal model, which is described in the next chapter. 
 
Table 6.2: Switching loss measurement conditions 
Parameter Minimum Step Maximum 
Current IL  (A) 5 5 75 
Voltage  VDC  (V) 500 25 800 
Temperature  Tj  (°C) 25 25 150 
 
As well as the parameters that are shown in Table 6.2, the switching loss in an inverter is 
highly dependant on the stray inductance in the switching circuit and the gate drive 
parameters, in particular the gate resistance (RG) and the gate-to-emitter voltage (VGE). 
Therefore, when measuring the switching energy it is important that the circuit 
configuration (i.e. the stray parameters) and gate drive parameters are as close as possible 
to the values used in the final application. In this work, the temperature of the devices in the 
power module are measured using an infrared camera and in order to provide visual access 
to the devices, the module is operated outside of the drive. Thus, in order to compare the 
measured temperature with the output of the thermal model (these results are shown in 
Chapter 8) the switching energy must be measured in this exact configuration. However, if 
the thermal model is to be implemented in a standard drive the switching energy must be 
recalculated, although the thermal parameters will not change.  
6.4.2.1 Measurement and Comparison 
To measure the switching energy the load current in the inductor is increased to the desired 
level by turning on the IGBT in the test circuit for a specified period. The IGBT is then 
switched and the current and voltage in both the IGBT and diode are measured during the 
switching event, this process is described in more detail in Appendix C. To minimise the 
risk of damaging the modified power module during these tests, the switching energy and 
on-state voltage are measured using a standard module. These measurements are taken 
from the lower IGBT (IUL) and the upper diode (DUU) in the U phase of the inverter. In 
order to validate these, tests are repeated on the modified power module in a few key 
operating conditions. An example of the measured switching waveforms and the resulting 
switching energy for the IGBT and diode are shown in Figure 6.16. 
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Figure 6.16: An example of the switching characteristics (IL=50A, VDC=600V, Tj=25°C) 
and the measured energy loss (a) IGBT turn-on (b) IGBT turn-off (c) diode turn-off  
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This figure includes a comparison of the switching energy measured on a standard and 
modified power module. From this comparison, it is evident that the measured switching 
energy in both modules is similar. Therefore, in order to evaluate the thermal model the 
values measured using the standard power module can be used to estimate the power loss. 
However, the switching energy measured in the IGBT is significantly higher than the 
values in the datasheet of the device. These are compared in the table below:  
 
Table 6.3: Comparison of the datasheet and measured switching energy with a current of 
75A, DC link voltage of 600V and a device temperature of 125°C 
Energy Loss (mJ) 
Loss 
Parameter Datasheet Value  
RG=5Ω Ls = 45nH 
15kW Unidrive SP with external IGBT  
RG=16.5Ω Ls = 225nH 
Eon 9.4 13.3 
Eoff 9.4 11.2 
Erec 6.5 4.6 
   
The reasons for the higher switching energy seen in the IGBT are the larger gate resistance 
and stray inductance in the test circuit, which have a significant effect on the switching 
characteristics. Although, as shown, slowing the IGBT reduces the peak reverse recovery 
current in the diode, and subsequently the turn-off energy in this device. The full results 
from the switching loss measurements are shown in Appendix D.  
 
As expected, due to the temperature dependency of the device parameters, the switching 
energy increases with temperature. The key device parameters that affect the switching loss 
include the switching times, tail current of the IGBT and the reverse recovery current of the 
diode, which all increase with temperature. However, as shown in the datasheet of the 
device [111], the turn-on time of an IGBT does not change significantly. Therefore, the 
increase in the measured turn-on energy of the IGBT is due almost entirely to the increase 
in the reverse recovery current of the anti-parallel diode [129]. Therefore, the switching 
energy estimated from the experimental results will only be correct when the temperature 
of an IGBT and the anti-parallel diode are identical. In most applications the IGBT will be 
much hotter than the diode and the power loss and temperature will be overestimated. 
However, it is not possible to heat each device individually and this makes it difficult to 
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separate the effect that the characteristic of the diode has on the turn-on energy in the 
IGBT. Consequently, this error is unavoidable.  
 
As illustrated in Figure 6.16, the switching loss is measured using a standard power module 
and these results are compared with those taken from the modified module in some key 
operating conditions. For these power modules, the measured switching energy is 
comparable. However, due to the variations in the internal stray inductance and the 
manufacturing tolerances in the devices, the switching loss can vary between devices. An 
indication of the potential tolerances can be seen in the datasheet of a device, where 
normally the manufacturer provides a typical and maximum switching loss. In some 
instances, the maximum loss can be up to 35% higher than the typical value [130]. 
Whereas, using the typical values could result in the underestimation of this temperature. 
Therefore, before the thermal model can be implemented in a production drive, where it is 
not practical to measure the characteristics of each device in every power module, the 
tolerances associated with the switching losses and the other key parameters must be 
understood and incorporated into the thermal model. 
6.4.3 Conduction Loss Parameters 
In the thermal model, the conduction loss is calculated on-line and the following device 
parameters must be known:  
 
• On-state voltage of an IGBT  – VCE 
• On-state voltage of a diode  – VF 
 
In normal operating conditions the power loss due to the leakage current in a device 
(blocking state) is insignificant and in this work it is ignored. Although, when operating at 
elevated temperatures (normally outside of the recommended limits) this loss can lead to 
thermal runaway and the failure of the device [20].   
 
The on-state voltage of an IGBT and diode is measured as the load current is increased to 
its rated value. This test must be repeated at each temperature. This process is described in 
more detail in Appendix C. In these measurements, an oscilloscope is used to measure the 
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on-state voltage and the device current at the terminals of the modified power module. 
However, in an inverter, the blocking voltage is significantly higher than the on-state 
voltage of a device, making it difficult to measure this voltage directly. Therefore, in these 
measurements the input to the oscilloscope is clamped using a saturation voltage tester, 
which is connected between the terminals of the device and the oscilloscope. The saturation 
tester used in these measurements was built to the specifications outlined in [131].  
6.4.3.1 Measurement and Comparison 
To calculate the on-state voltage of a device from the voltage measured at the terminal of 
the module, the voltage drop across the parasitic resistance (between the collector and 
power terminal) is calculated using the resistances in Table 6.1. As in the thermal 
impedance measurements, this voltage is then subtracted from the terminal voltage. 
However, the dependency of the parasitic resistance with temperature will have an impact 
on the accuracy of these measurements. As described in Section 6.3.2.2, when compared to 
the on-state voltage of the device the change in the voltage drop across the internal 
resistance due to a change in temperature is insignificant. Even so, to validate these 
measurements the on-state voltage for the IGBT and diode, measured at the rated current, 
are compared against the typical datasheet values. This comparison is shown in the table 
below:  
 
Table 6.4: Comparison of measured and datasheet on-state voltage for an IGBT and diode  
 IGBT VCE(sat) (V) Diode VF (V) 
Temperature (°C) 25 125 25 125 
Measured 1.77 2.04 1.59 1.66 
Datasheet 1.7 2 1.65 1.65 
 
The results in this table show that the measured on-state voltage and the values presented in 
the datasheet for the power module are in agreement. Therefore, the measured values are 
used to estimate the conduction loss in the thermal model.  
 
An example of the measured on-state voltage for the IGBT and diode is shown in Figure 
6.17. The IGBT used in the power module is a Trench-cell (Field-Stop) [132, 133]. This 
type of device exhibits similar characteristics to those of an NPT device. 
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    (a)      (b) 
Figure 6.17: Measured on-state voltage (a) IGBT (VCE) (b) diode (VF) 
 
These results show that apart from when operating at a low current (Ic≤20A), the on-state 
voltage of the IGBT increases with temperature, i.e. the device has a positive temperature 
coefficient. Conversely, apart from at high currents (Ic≤65A), the diode has a negative 
temperature coefficient. The full tables of the measured on-state voltage for an IGBT and 
diode are shown in Appendix D.  
6.5 Summary 
To implement the thermal model a number of input parameters that cannot be determined 
directly from the datasheet of a device are required. Therefore, in this chapter the test 
methods used to measure the following parameters were described:  
  
Thermal Impedance Parameters  
• 12 self thermal impedances   Zth,ii(j-th) 
• 132 mutual thermal impedances  Zth,i≠i(j-th) 
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 Electrical Parameters 
• IGBT turn-on energy     Eon(IL,Tj,VDC)  
• IGBT turn-off energy     Eoff(IL,Tj,VDC) 
• Diode turn-off energy    Erec(IL,Tj,VDC) 
• IGBT on-state voltage   Vce(IL,Tj) 
• Diode on-state voltage   Vf(IL,Tj) 
 
In the measurement of these parameters some key decisions were made that can have a 
significant impact on the temperature estimated by the thermal model. This includes the 
definition of the temperature used to calculate the self and mutual thermal impedance, 
which due to the thermal coupling between the devices is not straightforward. Therefore, 
based on the analysis performed in this chapter, the self and mutual thermal impedances 
have been calculated using the maximum and mean surface temperatures respectively. 
Furthermore, results have shown that the fan speed has an impact on the temperature 
measured between a device and the internal thermistor. However, for the power module 
used in this investigation this effect was shown to be negligible. Consequently, the thermal 
impedances were calculated using the temperature measured with the fan operating at its 
nominal speed.   
 
Using the methods outlined in this chapter, all of the parameters were measured over the 
full range of operating conditions that the inverter might experience during normal 
operation. However, many of the measured parameters cannot be used directly by the 
thermal model and the methods used to process these measurements are described in the 
next chapter. 
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Chapter 7:  Calculation of the Thermal Model Input Parameters 
 
 
7.1 Introduction 
In the previous chapter, the experimental methods used to measure the transient thermal 
impedance and the loss parameters for every device in the inverter were described. 
However, the measured values cannot be used directly by the thermal model. Therefore, in 
this chapter the methods used to process the measured data and calculate the input 
parameters required by the thermal model are discussed.    
 
In the thermal model, the power loss in an IGBT and diode is calculated on-line. This 
calculation is divided into two parts, the calculation of the switching and conduction loss. 
By using interpolation, these losses could be estimated directly from the measured values, 
which have been measured over the full range of operating temperature, DC link voltage 
and current. However, the available resource restricts the amount of input data that can be 
used in the thermal model. Thus, it is not possible to use large tables of input data. 
Therefore, in order to calculate the power loss the measured switching loss (3x624 values) 
and on-state voltage (2x48 values) are each represented by a polynomial expression with 12 
coefficients. The method used to calculate the coefficients in the polynomial expressions is 
described within Section 7.2. A detailed example of the calculations used to define the 
coefficients for the IGBT turn-on energy (Eon) is outlined in Section 7.2.1. The accuracy of 
the polynomial expressions for each of the loss parameters is examined in Section 7.2.2.  
 
Like the measured power loss data, the self and mutual thermal impedance curves cannot 
be used directly in the thermal model. These must be curve fitted to an equivalent Foster 
network with one or more elements. The configuration of this network is reviewed in 
Section 7.3.1. The method used to calculate the parameters of an equivalent Foster network 
is described in Section 7.3.2. These parameters form the complete thermal impedance 
matrix for the inverter and this is used to estimate the temperature of every device under a 
range of operating conditions. The procedure outlined in Chapter 5 is then used to select the 
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IGBT and diode that offer the best protection for the inverter at low output frequencies and 
this is covered in Section 7.3.2. Finally, the input parameters required by the thermal model 
are defined in Section 7.3.3.   
7.2 Calculation of the Coefficients for the Loss Models  
The existing methods that have been used to estimate the switching energy and the on-state 
voltage of an IGBT and diode were reviewed in Chapter 2. In this review, it was shown that 
due to the fast calculation speed, a behaviour model is well suited to online (real-time) 
applications. Therefore, in this work, a series of polynomial expressions are used to 
estimate the loss parameters for the IGBT and diode. These are then used to estimate the 
total power loss in a device. This approach is similar to the methods discussed in [43, 52, 
54, 56]. The steps used to calculate the coefficients for the IGBT turn-on energy (Eon) are 
described in the next section, although the same approach is used to calculate the 
coefficients for the other switching and conduction loss parameters.  
7.2.1 IGBT turn-on Energy 
The loss models used in the thermal model are developed in three stages. At each stage an 
additional dependency is incorporated into the model, i.e. the operating current (IC), 
temperature (Tj) and DC link voltage (VDC). The calculations that must be performed in 
each stage are described below.   
 
Stage 1 – Current 
In the first stage, the coefficients of the second order polynomial:  
 
 ( ) 3221 kIkIkIE CCCon +⋅+⋅=     (mJ)     (7.1) 
 
are curve fitted (using the method of least squares) to the switching energy measured over 
the full range of operating current (IC=0A to 75A) at the following temperatures and 
voltage:   
 
• Device temperature of 25°C and 150°C 
• DC link voltage of 600V 
Chapter 7: Calculation of the Thermal Model Input Parameters 
 
163 
The coefficients calculated by curve fitting Equation 7.1 to the switching energy measured 
at these temperatures are shown in the table below.   
 
Table 7.1: Current loss coefficients for the IGBT turn-on energy  
Tj (°C) k1 (mJ/A2) k2 (mJ/A) k3 (mJ) 
25 0.472 99.409 393.05 
150 0.637 132.18 1061.7 
 
A comparison of the measured and curve fitted switching energy is shown in Figure 7.1(a). 
This comparison shows that for the selected operating conditions, the second order 
polynomial provides a good approximation of the measured switching energy.  
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     (a)          (b) 
Figure 7.1: Comparison of the measured and curve fitted IGBT turn-on energy verses (a) 
current (b) temperature (VDC = 600V) 
 
The coefficients in Table 7.1 can only be used to estimate the switching energy in the 
selected operating conditions, i.e. with a fixed temperature and voltage. Therefore, 
additional stages are required to develop the complete power loss model, and these are 
described in the following pages.  
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 Stage 2 – Temperature 
The second stage in the development of the power loss model is to incorporate the 
dependency of the device temperature. To achieve this, the coefficients in Equation 7.1 are 
themselves represented by a second order polynomial:  
 
 1312
2
111 kTkTkk jj +⋅+⋅=   (mJ/A2)     (7.2) 
 2322
2
212 kTkTkk jj +⋅+⋅=   (mJ/A)      (7.3) 
 3332
2
313 kTkTkk jj +⋅+⋅=    (mJ)      (7.4) 
 
These coefficients are calculated by substituting the three equations shown above into 
Equation 7.1. The resultant equation is then curve fitted to the switching energy measured 
up to the maximum operating temperature of the device (Tj=25°C to 150°C). In this stage, 
the following currents and voltage are used:  
 
• Device current of 5A and 75A 
• DC link voltage of 600V 
 
The calculated coefficients for Equations 7.2 to 7.4 are shown in Table 7.2. In order to 
maintain the characteristics of the model developed in stage 1, the coefficients in this table 
are calculated to ensure that when operating at a device temperature of 25°C or 150°C the 
calculated values of k1, k2 and k3 are the same as the coefficients in Table 7.1.  
   
Table 7.2: Temperature loss coefficients for the IGBT turn-on energy  
 Tj2 Tj1 Tj0 
k1 (mJ/A2) 2.34e-06 9.17e-04 4.47e-01 
k2 (mJ/A) 4.95e-04 1.76e-01 9.47e+01 
k3 (mJ) 1.38e-03 5.11e+00 2.65e+02 
 
For example, when operating at a temperature of 150°C the magnitude of the coefficient k1 
calculated using the values in this table is:  
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 637.0150150 13122111 =+⋅+⋅= kkkk  mJ/A
2
 
 
As shown, the magnitude of k1 is the same as the value in Table 7.1. A comparison of the 
measured and curve fitted switching energy is shown in Figure 7.1(b). Like the previous 
comparison, the polynomial expression provides a good approximation of the switching 
energy under the defined operating conditions. Although, by using the coefficients 
calculated in this stage the switching energy can now be estimated at any current or 
temperature.  
 
Stage 3 - DC Link Voltage 
The final stage in this development is to incorporate the effect of the DC link voltage. The 
change in the switching energy due to a change in voltage is modelled by:   
 
 32
2
1 VDCVDCVV kVkVkk +⋅+⋅=       (7.5) 
 
Combining this equation with those defined in stage 2 allows the switching energy at any 
current, temperature or voltage to be calculated:  
 
 
( ) ( ) VjConDCjCon kTIEVTIE ⋅= ,,,  (mJ)     (7.6) 
 
The coefficients in the voltage polynomial are calculated by curve fitting Equation 7.6 
(using the coefficients in Table 7.2) to the switching energy measured over the full range of 
DC link voltage (VDC=500V to 800V) at the following currents and temperature:  
 
• Device current of 5A and 75A 
• Device temperature of 150°C 
 
The coefficients for Equation 7.5 are shown in Table 7.3, while the measured and curve 
fitted switching energy is compared in Figure 7.2(a).  
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Table 7.3: Voltage loss coefficients for the IGBT turn-on energy  
 kV1 kV2 kV3 
kV 0 2.59e-03 -5.45e-01 
 
Figure 7.2(a) shows that the measured switching energy changes linearly with voltage. 
Consequently, in the expression for the turn-on energy of the IGBT the coefficient kV1 is 
zero.  
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(a)          (b) 
Figure 7.2: IGBT turn-on energy (a) measured and curve fitted switching energy verses DC 
link voltage (b) calculated energy verses current and temperature (VDC = 800V) 
 
The complete power loss model developed in this section (Equation 7.6) allows the IGBT 
turn-on energy to be estimated at any current, temperature or voltage and importantly, only 
requires the 12 coefficients shown in Tables 7.2 and 7.3. To show the dependency of the 
switching energy, the complete power loss model is used to estimate the turn-on energy 
over the full range of operating current and temperature. The results calculated with a fixed 
DC link voltage of 800V are shown in Figure 7.2(b). These results show that the switching 
energy of an IGBT is highly dependant on the operating temperature and load current. 
Furthermore, the DC link voltage has been shown to have a significant effect. 
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Consequently, none of these can be ignored and the full loss model must be implemented. 
As discussed, the approach outlined in this section is also used to calculate the coefficients 
for the other loss parameters and these models are shown in Appendix D.  
7.2.2 Investigation into the Accuracy of the Power Loss Models  
The accuracy of the power loss models will have a direct impact on the estimated device 
temperature and it is important that they are accurate in all of the potential operating 
conditions. To show the accuracy of these models, the difference between the measured and 
estimated values is calculated in each operating condition in which the switching energy or 
on-state voltage has been measured. The maximum and average difference calculated from 
the values measured over the range of operating temperature and current is then determined 
at each current interval. These results are shown in the figure below:  
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     (a)          (b) 
Figure 7.3: Maximum and average difference between the measured and estimated (a) 
switching energy (b) on-state voltage 
 
In general, the results show that the differences between the measured and estimated values 
are relatively small. Although, in these figures it can be see that there are specific operating 
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conditions where the maximum difference is far greater than the average value. This is due 
to one of the following reasons:  
 
a) The curve fitting process and the selection of the coefficients used in the models. 
b) The ability of the power loss models to model complex characteristics in the 
measured values. 
c) Any errors associated with the initial measurement of the loss parameters.  
 
Considering these, the results in Figure 7.3 reflect the ability of the polynomial expressions 
to model the measured loss parameters and not necessarily the accuracy of the estimated 
power loss. In other words, some of the differences may be due to measurement errors. A 
possible example of this can be seen in Figure 7.1(b), where the turn-on energy of the IGBT 
measured at a current of 75A and a temperature of 125°C is clearly below the general 
characteristic of the measured switching energy.  
 
In conclusion, the accuracy of the expression developed to model the switching energy and 
on-state voltage in a device has been shown to be acceptable over the entire operating 
range. Furthermore, since the number of input parameters has been reduced, the 
calculations can be performed on-line using the existing computational resources. 
Therefore, these expressions are implemented in the thermal model and are used to estimate 
the total power loss in an IGBT and diode during each sample period.  
7.3 Calculation of the Thermal Impedance Parameters 
In order to calculate the parameters of the equivalent thermal networks that are used in the 
thermal model the following stages must be completed:  
 
1. Calculate the parameters of an equivalent thermal network for each of the self and 
mutual thermal impedances in the inverter (144 matrix elements). 
2. Select the elements of the thermal impedance matrix that are to be used in the 
thermal model for the IGBT and diode (2x12 matrix elements). 
3. Combine the mutual impedance from the IGBT and diodes (2x3 matrix elements).     
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In each stage, the number of matrix elements used to represent the thermal characteristics 
of the power module is highlighted. Initially, the complete thermal impedance matrix for 
the twelve devices in the inverter is required. The IGBT and diode that offer the best 
protection at low frequencies are then selected. This reduces the number of elements to 
those associated with the chosen devices. Finally, the mutual coupling from the other 
IGBTs and diodes in the inverter are combined to give the final input parameters for the 
four Foster networks used by each model. The calculations performed in each of these 
stages are described in the following sections.   
7.3.1 Thermal Network Parameters 
As discussed, in order to develop the thermal model, the measured transient thermal 
impedances must be represented by an equivalent thermal network. In this work, the 
thermal model is developed using the transfer function for a single element of a Foster 
network. An equivalent Foster network with four elements (k=4) is shown in Figure 7.4.  
 
Rth(1)
Cth(1)
Tj
Rth(4)Rth(3)Rth(2)
Tth
Cth(4)Cth(3)Cth(2)
 
Figure 7.4: Foster network with four elements (k=4) 
 
The thermal resistance (Rth) and capacitance (Cth) of each element is calculated by curve 
fitting the response of the network to the transient thermal impedance measured between a 
device (Tj) and the internal thermistor (Tth) in the power module. The method used to 
calculate these parameters is described in the next section.  
7.3.1.1 Curve Fitting Method  
The parameters of a Foster network with up to four elements (fourth-order network) are 
calculated using a program based on the method of least squares. A comparison of the 
measured self thermal impedance for the upper IGBT in the U phase (IUU) of the inverter 
and the response of two equivalent Foster networks is shown in Figure 7.5(a). In this figure, 
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it can be seen that the time constant of the network with a single element (first-order 
network) has been selected to model the initial rise in the thermal impedance. 
Consequently, after this initial rise (t>0.1s) the response of the network is significantly 
higher than the measured thermal impedance.  
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   (a)              (b) 
Figure 7.5: Comparison of the measured transient thermal impedance with the response of 
an equivalent Foster network (a) self thermal impedance - Zth(IUU-IUU) (b) mutual thermal 
impedance - Zth(IUU-IUL)  
 
In contrast, when an equivalent network with four elements is curve fitted to the measured 
thermal impedance, the response of the network is significantly improved. The 
corresponding parameters of a network with up to four elements (fourth-order network) are 
shown in Table 7.4. These parameters show that the longest time constant in the network 
increases with the number of network elements, a similar comparison was shown in [118]. 
However, because of the limitations imposed by the limited computational resource the self 
thermal impedance is represented by a network with only two elements. Even so, a network 
with more elements can be used during the selection of the devices since these calculations 
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are performed off-line. For completeness, the parameters of the equivalent network for the 
self thermal impedance of every device in the inverter are shown in Appendix B.  
   
Table 7.4: Foster network parameters for Zth(IUU-IUU) 
Thermal 
Resistance 
(K/W) 
1st 2nd 3rd 4th 
Time 
Constant 
(s) 
1st 2nd 3rd 4th 
Rth(1)  0.564 0.141 0.071 0.071 τ(1)  0.14 2.180 1.025 0.465 
Rth(2)   0.423 0.071 0.353 τ(2)   0.085 6.312 2.326 
Rth(3)    0.423 0.071 τ(3)    0.105 0.018 
Rth(4)     0.071 τ(4)     8.103 
 
The mutual thermal impedances and any error associated with them are less significant than 
the self thermal impedance. Therefore, in the thermal model the mutual thermal impedance 
is modelled by a single network element, although once again, more network elements can 
be used in the off-line calculations. The mutual thermal impedance measured between the 
IUU and the internal thermistor in the module when a power loss is applied to IUL is shown 
in Figure 7.5(b). In this figure, the measured thermal impedance is compared against the 
response of an equivalent network with up to two network elements. In this example, IUU is 
further from IUL than the thermistor. Consequently, when a power loss is applied to IUL the 
temperature measured by the thermistor is hotter than IUU. Consequently, the resulting 
mutual thermal impedance is negative. Furthermore, due to the diffusion in the power 
module and heatsink there is a delay before the mutual thermal impedance begins to rise. 
This characteristic makes it difficult to model the response accurately using conventional 
network parameters and for this reason, an alternative approach was used in [108]. 
However, this approach can only be used in networks with more than two elements. 
Therefore, in this work, a conventional network is used and the calculated parameters for 
these networks are shown in the table below:   
 
Table 7.5: Foster network parameters for Zth(IUU-IUL) 
Thermal 
Resistance (K/W) 1
st
 2nd Time Constant (s) 1
st
 2nd 
Rth1  -0.054 -0.011 τ1 3.5 3.5 
Rth2   -0.043 τ2  4.5 
Chapter 7: Calculation of the Thermal Model Input Parameters 
 
172 
The network parameters in this table show that for this mutual thermal impedance, the 
number of network elements has little effect on the accuracy of the response. The 
calculated network parameters for all of the mutual thermal impedances in the complete 
matrix for the inverter (132 matrix elements) are shown in Appendix B.  
7.3.2 Thermal Impedance Matrix Simplification  
The method described in the previous section has been used to calculate the parameters of 
the equivalent networks for every element in the thermal impedance matrix. However, this 
is only the first stage in the development process. As described in Chapter 5, the thermal 
model has been designed to estimate the temperature of a single IGBT and diode in the 
inverter. Therefore, each model requires the parameters for twelve matrix elements, the self 
thermal impedance and the eleven mutual thermal impedances associated with each device. 
Hence, the temperature of a device (i) is calculated using:  
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To select these devices, the complete thermal impedance matrix (formed using the 
parameters of a network with up to four elements) is used to calculate the temperature of 
every device in the inverter under a defined operating condition. The IGBT and diode with 
the largest temperature difference between itself and the thermistor are then selected. In this 
work the devices are selected from the steady-state temperature calculated in a stationary 
vector condition (Fout = 0Hz). This operating condition was chosen because a device is 
more likely to exceed its maximum temperature at low output frequencies.  
7.3.2.1 Selection of Model Parameters 
To select the model parameters, the temperature of every device in the inverter is calculated 
in the following conditions:  
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• Load current (IL)   = 50A 
• DC link voltage (VDC)  = 600V 
• Thermistor Temperature (Tth)  = 80°C 
• Switching frequency (FSW)  = 3kHz 
 
The IGBT and diode with the largest temperature difference between itself and the 
thermistor is then calculated at each displacement power factor and modulation depth. 
These results are shown in Figure 7.6. From this figure, it can be seen that when operating 
in a stationery vector condition the IGBT and diode that provide the best protection for the 
inverter, especially with a low modulation index, are IUU and DUU. This suggests that the 
magnitude of the self thermal impedance calculated for these devices is larger than the 
other devices in the inverter. This is confirmed by the results shown in Appendix B. 
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Figure 7.6: Devices in which the peak junction-to-thermistor temperature occurs in a 
stationary vector (a) IGBT (b) diode (IL=50A, VDC=600V, Tth=80°C, FSW=3kHz) 
 
In a stationary vector condition there is no coupling between an IGBT and its parallel 
diode, i.e. IUU and DUU. Therefore, as the output frequency is increased the coupling in the 
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inverter will change. At a very high frequency, where the ripple component of the 
temperature response is negligible, the thermal coupling will be equal to the DC component 
(average value) of the response. Under this condition, regardless of the modulation index or 
displacement power factor, the best protection is offered by IVU and DVU, i.e. the peak 
junction-to-thermistor temperature always occurs in these devices. Nevertheless, the 
thermal model can only estimate the temperature of a single IGBT and diode. Therefore, as 
in Chapter 5, the devices are selected to provide the best protection when the inverter is 
operating at a low output frequency. In the following sections, the input parameters for the 
thermal model are calculated from the network parameters for the self and mutual thermal 
impedances for IUU and DUU, which are shown in the table below.  
 
Table 7.6: Network parameters for the equivalent Foster networks for IUU and DUU   
IGBT network parameters 
IGBT IUU IUL IVU IVL IWU IWL 
R
 
(K/W) 0.141 0.423 -0.055 0.023 -0.079 -0.061 -0.057 
τ
 
(s) 2.18 0.085 3.46 1.58 7.35 3.22 13.15 
α (°) 0 180 120 300 240 60 
Diode DUU DUL DVU DVL DWU DWL 
R
 
(K/W) 0.148 -0.015 -0.0262 -0.129 -0.050 -0.046 
τ
 
(s) 1.25 4.12 3.32 2.88 9 17.43 
α (°) 180 0 300 120 60 240 
Diode network parameters 
IGBT IUU IUL IVU IVL IWU IWL 
R
 
(K/W) 0.15 -0.043 0.068 -0.071 -0.044 -0.049 
τ
 
(s) 1.81 2.51 1.37 5.66 3.22 11.06 
α (°) 180 0 300 120 60 240 
Diode DUU DUL DVU DVL DWU DWL 
R1 (K/W) 0.209 0.626 0.026 -0.005 -0.120 -0.038 -0.040 
τ
 
(s) 0.81 0.05 1.3 4.48 1.9 9 17.11 
α (°) 0 180 120 300 240 60 
 
In this table, the angle between the peak current in the self (modelled device) and mutual 
devices is defined as α. For example, the angle between the peak current in the upper and 
lower IGBT in any phase of the inverter is 180°. The same applies for the diode model, 
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except in this case DUU is the reference device. Therefore, compared with the IGBT model, 
all of the angles are shifted by 180°, which in this instance is the angle between the peak 
current in IUU and DUU.   
7.3.2.2 Accuracy of the Thermal Model 
The thermal model will underestimate the temperature of the hottest device in the inverter 
in any operating condition where the peak junction-to-thermistor temperature does not 
occur in either of the selected devices. To show the accuracy of the thermal model, the 
difference between the estimated temperature and the value calculated using the complete 
thermal impedance matrix is represented as a percentage of the peak junction-to-thermistor 
temperature. The error calculated with the inverter operating in a stationary vector 
condition (Fout=0Hz) and at a high output frequency (Fout>>1/τmin) is shown in Figure 7.7. 
In the high frequency condition, it is assumed that the ripple in the temperature response is 
negligible and the temperature is calculated using only the DC components.  
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          (a)      (b) 
Figure 7.7: Error calculated when operating in a stationary vector condition and a high 
output frequency (a) IGBT model (b) IGBT and diode models implemented in parallel  
(IL=50A, VDC=600V, Tth=80°C) 
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In Figure 7.7(a), it can be seen that when using the IGBT model to protect the entire 
inverter the error is significant when operating with a negative displacement power factor. 
Therefore, as in Chapter 5, to provide sufficient protection the IGBT and diode models 
must be implemented in parallel. The error corresponding to this approach is shown in 
Figure 7.7(b). In the stationary vector condition, it can be seen that the temperature of the 
hottest IGBT and diode is underestimated by less than 3.5% of the peak junction-to-
thermistor temperature, although in most operating conditions the error is well below this 
value. As expected, by comparing these results with those shown in Figure 7.6, it is evident 
that the error occurs in the operating conditions where the peak junction-to-thermistor 
temperature does not occur in either of the selected devices. 
 
When operating at a high output frequency the maximum error exceeds 5%. In this 
condition, the coupling from the neighbouring diodes has a more significant impact on the 
temperature of the IGBTs and vice versa. Consequently, since there is only a single diode 
within a device width of IUU (compared to IVU that has three) the peak junction-to-
thermistor temperature now occurs in IVU. Consequently, the error in the model is 
increased. However, for a given power loss, the temperature measured between a device 
and the thermistor is smaller at high output frequencies. Therefore, it is less likely that a 
device will exceed its maximum temperature. Thus, any error is less critical.  
 
In summary, by calculating the temperature of a single IGBT and diode the number of 
network elements used in the thermal model has been reduced. However, the results 
presented in this section have shown that the device in which the peak junction-to-
thermistor temperature occurs is dependant on the operating conditions. Consequently, 
there are conditions where the temperature of a device could be underestimated. Even so, 
when using the simplified model all of the devices in the inverter should be protected in a 
stationary vector condition, where the possibility of a device exceeding its maximum 
temperature is most likely.    
7.3.3 Combination of Mutual Thermal Impedance Terms 
In the previous section, the mutual thermal impedances required by the IGBT and diode 
models were selected, the parameters of these networks were shown in Table 7.6. In order 
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to reduce the number of network elements in each model, a common time constant is 
selected for the mutual coupling from the other IGBTs (τIGBT) and diodes (τDiode) in the 
inverter. This allows all of the mutual coupling to be represented by two network elements 
(two time constants), one representing the thermal coupling from the IGBTs and another 
from the diodes. The parameters for these networks are calculated using the procedure 
outlined in Chapter 5. A comparison of the temperature response calculated for the IGBT 
model is shown in Figure 7.8(a).  
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    (a)                (b) 
Figure 7.8: Comparison of the step response calculated using the original network 
parameters and the common time constants in a stationary vector condition with a unity 
displacement power factor (a) step response (b) temperature difference 
The overshoot seen in each response is caused by the significant coupling between the 
devices and the internal thermistor, which results in a negative coupling. The difference 
between the responses is shown in Figure 7.8(b). As previously, if the difference is negative 
the temperature is underestimated. The selection of a common time constant is only a 
simple approximation of the complex thermal characteristics that exist within the power 
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module, thus some error during the transient operation is inevitable. Even so, by carefully 
selecting the time constants this error can be minimised and for the operating conditions 
used in this section, the maximum error is just over 1°C. Comparisons in other operating 
conditions, which include the response of the diode model, are shown in Appendix E. The 
input parameters for the complete frequency model implemented in the Unidrive SP are 
shown in the table below:  
 
Table 7.7: IGBT and Diode thermal model parameters 
IGBT Thermal Model Network Parameters 
 IGBT Self IGBT Mutual 
Diode 
Mutual 
 Network Element 1 2 1 1 
Harmonic (n) τ
 
(s) 0.085 2.18 15 2.5 
0 (DC) 0.423 0.141 -0.227 -0.118 
1 0.423 0.141 0.092 0.147 
2 0.423 0.141 0.062 0.263 
3 
Rth,n (K/W) 
0.423 0.141 0.152 0.261 
1 0 0 86.5 219.1 
2 0 0 330.3 5.6 
3 
αn (°) 
0 0 0 60 
Diode Thermal Model Network Parameters 
 Diode Self IGBT Mutual 
Diode 
Mutual 
 Network Element 1 2 1 1 
Harmonic (n) τ
 
(s) 0.053 0.812 2.5 10 
0 (DC) 0.626 0.209 0.012 -0.176 
1 0.626 0.209 0.167 0.129 
2 0.626 0.209 0.174 0.134 
3 
Rth,n (K/W) 
0.626 0.209 0.338 0.091 
1 0 0 224 130.9 
2 0 0 346.8 8.9 
3 
αn (°) 
0 0 60 0 
 
As shown previously, the offset angle for the selected IGBT and diode is zero. Thus, for the 
self thermal impedance the angle at each harmonic (αn) is also zero, although for the 
mutual impedance, Rth,n and αn are different.   
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7.4 Summary 
In this chapter, the input parameters required by the thermal model have been calculated 
from the measured values. These include the following: 
 
• The coefficients of the power loss models used to estimate the switching energy and 
on-state voltage for the IGBTs and diodes 
• The equivalent network parameters for the thermal impedance used in the thermal 
impedance matrix  
 
The power loss models developed in this chapter use twelve coefficients to estimate the 
switching energy and on-state voltage at any current, temperature or voltage. Therefore, 
compared to the tables of the measured loss data, using these expressions significantly 
reduces the amount of input data required by the thermal model. Furthermore, in most 
operating conditions the difference between the measured and estimated values was shown 
to be negligible.      
 
In order to develop the thermal model, the equivalent network parameters for each element 
in the thermal impedance matrix must be determined. The method used to calculate these 
values was described in the second part of this chapter. The procedure outlined in Chapter 5 
was then used to select the modelled IGBT and diode, determine the corresponding thermal 
impedances and calculate the input parameters relating to the thermal characteristics.  
 
From the results in this chapter, the error in a stationary vector condition was shown to be 
negligible. Although, as the output frequency is increased the error increases due to the 
additional coupling from the neighbouring devices. For the purpose of evaluating the 
thermal model this effect has been ignored. Thus, in the comparisons of the estimated and 
measured device temperatures presented in the next chapter, some underestimation of the 
temperature is expected when operating at a high output frequency. 
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Chapter 8:  Results and Comparison 
 
 
8.1 Introduction 
In the previous chapters the temperature estimated by the frequency model has been 
compared with the temperature calculated using the complete thermal impedance matrix. 
These comparisons were useful when developing the thermal model and provided a means 
of easily identifying any limitations. However, in this comparison both of the temperatures 
are calculated from the measured data and as a result, many of the approximations made 
during the development of the model are ignored. Therefore, in this chapter the thermal 
model has been implemented in a Unidrive SP and the temperature estimated by this on-
line model is compared directly with the instantaneous device temperature measured using 
an infrared camera. In addition, the temperature is estimated using a basic thermal model 
which is developed using many of the common assumptions that have been described 
throughout this work. The basic model is developed and implemented in the same way as 
the current thermal model used in a Unidrive SP. This model is used to illustrate any 
weaknesses that exist in the current protection scheme. The development of this basic drive 
thermal model is described in Section 8.2.  
 
The experimental setup used in this chapter has been designed to allow the device 
temperatures to be measured while the inverter is operating in a typical operating condition. 
This is described in Section 8.3. Using this setup, the temperature of every device in the 
inverter is measured in a range of basic operating conditions and these are compared with 
the temperature estimated by the thermal models. These comparisons are presented in 
Section 8.4 and this includes a comparison in each of the following operating conditions: 
 
a) Stationary vector condition  Fout=0Hz 
b) Low output frequency   Fout<0.1Hz 
c) Medium output frequency  Fout>5Hz 
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These operating conditions have not only been selected to show the strengths of the 
frequency model, but to highlight its weaknesses.  
 
In the second part of this chapter, further comparisons are made in operating conditions that 
are specific to an elevator and a pick and place tool. These applications have been chosen 
because the characteristics of the load profiles are very different and they include many of 
the key operating conditions. Consequently, from the comparisons presented in Section 8.5, 
the protection offered by the thermal models in a typical application can be assessed.  
8.2 Basic Thermal Model Development 
The basic thermal model is based on the estimation of the IGBT temperature using the 
thermal impedance quoted in the datasheet of the power module. In order to use this 
approach, it must be assumed that the case of the power module is at the same temperature 
as the internal thermistor. The thermal impedance measurements in Chapter 6 showed that 
this is a poor approximation. In the basic model the peak temperature between the junction 
and the thermistor over a complete output cycle of the inverter is estimated using: 
 
 ( )[ ]HzHzFoutHzLthj KKKKIT 50050ˆ −+=−      (8.1) 
 
where K50Hz is the temperature rise per amp calculated at an output frequency of 50Hz, K0Hz 
is the temperature rise per amp calculated at an output frequency of 0Hz (stationary vector 
condition) and KFout models the change in the peak junction-to-thermistor temperature with 
the output frequency. The constants K50Hz and K0Hz are determined from the peak IGBT to 
thermistor temperature calculated in the operating conditions defined in Table 8.1. The 
device temperature is calculated by applying the known power loss (calculated using the 
power loss parameters developed in Chapter 7) to the fourth order Foster network taken 
from the device datasheet. The peak temperature over the output cycle is then calculated 
and divided by the known output current, giving the expected temperature rise per amp. In 
this calculation it is assumed that the temperature rise is linear with output current. To 
develop the complete model this calculation must be repeated at each of the permissible 
switching frequencies. 
 
Chapter 8: Results and Comparison 
 
182 
 
Table 8.1: Operating conditions used to calculate the maximum device temperature  
Operating parameters 
Output frequency (Hz) 0 50 
Load current (A) 75 75 
Device temperature (°C) 150 150 
DC link voltage (V) Maximum allowable  
Datasheet thermal impedance (K/W) 0.35 0.35 
Modulation index 0 0.8 
Power factor 1 1 
 
An example of the model constants calculated at 3kHz is shown in Figure 8.1. To illustrate 
the effect that the chosen operating conditions have on the estimated temperature rise, the 
variation of the constants are shown over the range of output current and at two operating 
temperatures. Furthermore, since all of the comparisons in this chapter are performed with 
a DC link voltage of 550V the constants are calculated using the switching and conduction 
loss parameters measured at this voltage.  
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       (a)                             (b) 
Figure 8.1: Constants for the basic thermal model calculated at 3kHz (a) K50Hz (b) K0Hz 
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As described, the constants used in the thermal model are determined from the peak 
junction-to-thermistor temperature calculated at the maximum operating current (75A) and 
temperature (150˚C). These constants are then used for all operating conditions. However, 
when operating at lower currents and temperatures it is evident that this approximation 
introduces a significant safety margin. For example, when operating at a current of 35A and 
a temperature of 75°C, the basic thermal model will overestimate the device temperature by 
approximately 30%.   
 
In order to calculate the temperature at any output frequency, the temperature difference 
(K0Hz - K50Hz) is multiplied by the factor KFout. The characteristic of KFout is shown in 
Figure 8.2(a). This factor is determined by examining the junction-to-thermistor 
temperature at different output frequencies. This temperature is calculated for several 
power modules of different designs and ratings and the maximum value is used. Therefore, 
this is a general characteristic that can be used with any power module.   
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(a)                             (b) 
Figure 8.2: Implementation of the basic thermal model (a) KFout (b) junction-to-thermistor 
temperature estimated at 75A 
 
As the output frequency is increased KFout reduces the contribution of the temperature rise 
calculated at 0Hz. An example of the junction-to-thermistor temperature estimated using 
Equation 8.1 is shown in Figure 8.2(b). This figure highlights the dependency of the device 
temperature with the output and switching frequencies. The method used to implement the 
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transient model is shown in Figure 8.3. The time constant (τth) used in this model is 100ms. 
This time constant is a general value chosen to be between the longest and shortest time 
constant specified in the datasheet.   
sτ+1
1
thjT −
LI ×
 
Figure 8.3: Implementation of the basic thermal model in a continuous system 
 
In order to protect the inverter, this model relies on the safety margins introduced during 
the definition of the operating conditions (Table 8.1) and the calculation of the model 
constants. These safety margins account for some of the errors due to the following 
assumptions:   
 
• The thermistor temperature is equal to the case temperature measured directly under 
each device in all operating conditions.  
• No thermal coupling exists between the devices in the power module, thus the 
thermal impedance in the datasheet (0.35K/W) is used to develop the model.   
• The inverter operating conditions are fixed, i.e. the modulation index is always low 
when operating at a low output frequency.  
  
However, the benefit of this approach is that the temperature can be calculated very quickly 
using minimum computational resources and only two internal variables (load current and 
switching frequency) and three input parameters are required (i.e. K0Hz, K50Hz, KFout). 
Furthermore, the model can be developed without measuring the thermal impedance and in 
terms of the product development time, this is a significant advantage.  
8.3 Test Setup 
To measure the temperature of a device in the inverter during normal operating conditions 
the power module must be operated outside of the drive and prepared using the procedure 
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that was described in Chapter 6. Furthermore, since the frequency model has been designed 
to only protect the devices in the inverter, the rectifier in the power module should not be 
active during these measurements. For this reason, the dc link voltage is supplied from a 
second drive. This can be seen in the picture of the test setup shown in Figure 8.4. 
 
 
Figure 8.4: Test setup used to measure the temperature under typical operating conditions 
 
This is identical to the setup that was used to measure the loss parameters for the IGBT and 
diodes in the inverter. The connections between the drive and the external power module 
that is fitted on a standard heatsink are shown in Figure 8.5. It can be seen that the power 
and gate drive terminals are connected directly to the drive, which allows the drive to be 
operated as a standard product. Consequently, the operating conditions can be controlled by 
simply changing the load that is applied to the motor (induction machine) or the user 
parameters, which are changed via the keypad. To compare the estimated and measured 
temperatures, the temperature estimated by the on-line thermal models (both the frequency 
and basic model) are applied to one of the analogue outputs (voltage range 0 to 10V) on the 
drive. This voltage is recorded using an oscilloscope and a scaling factor is used to convert 
the measured voltage to an output temperature. The same method is used to measure the 
output frequency and load current present in each test.        
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(a)                             (b) 
Figure 8.5: Test setup (a) Unidrive SP with the embedded thermal model (b) power module 
fitted on a standard heatsink showing the connections between the drive and module     
8.4 Comparison of the Estimated and Measured Device Temperature 
In this section the temperature estimated by the thermal models are compared with the 
temperature measured using the infrared camera. These measurements are performed in a 
number of typical operating conditions. These include operation in a stationary vector 
condition (Fout=0Hz) and at both a low (Fout<0.1Hz) and high (Fout>5Hz) output frequency. 
8.4.1 Stationary Vector Condition 
Comparisons of the estimated and measured temperatures determined with the inverter 
operating in a stationary vector condition at a switching frequency of 8kHz are shown in 
Figure 8.6. The temperatures estimated by the frequency and basic thermal models are 
compared with the following measured surface temperatures:  
 
• The upper IGBT in the U phase (Measured IUU) 
• The upper diode in the U phase (Measured DUU) 
• Maximum for all IGBTs (Maximum measured IGBT) 
• Maximum for all diodes (Maximum measured diode) 
 
In addition, the output frequency (Hz) and output current (rms) are shown, although in this 
operating condition the output frequency is zero.   
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  (e)          (f) 
Maximum measured IGBT Maximum measured diode Measured IUU
Frequency thermal model Basic drive thermal model Inverter output frequency
Inverter output current 
 
Figure 8.6: Comparison in a stationary vector condition (a) load conditions and (b) 
comparison with peak current in IUU (c) load conditions and (d) comparison with peak 
current in IVU (e) load conditions and (f) comparison with peak current in IWU 
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When developing the frequency model, the modelled devices and the corresponding 
thermal impedances were selected by examining the temperatures estimated in a stationary 
vector condition. Therefore, the frequency model should protect all of the devices at the 
output angle where the peak junction-to-thermistor temperature occurs. A comparison at an 
output angle of 0˚ (peak power loss in IUU) is shown in Figure 8.6(b). In this comparison it 
can been seen that as the temperature approaches a steady-state value the difference 
between the output of the frequency model and the measured temperature of IUU (the hottest 
IGBT) is only 4°C. In contrast, the basic thermal model underestimates the temperature by 
nearly 20°C. This is clearly an unacceptable error. Moreover, since the effect of the thermal 
coupling between the devices is not considered this error could be even higher if the power 
loss is increased, i.e. if the contribution of the mutual impedances is increased. During the 
transient period, the temperature estimated by the frequency model is significantly higher 
than the measured temperature. As discussed in Chapter 4, this effect is caused by the 
methods used to implement the frequency model.  
 
Similar characteristics are seen as the output angle of the inverter is changed. Although 
when the peak power loss occurs in a device which is closer to the thermistor, the 
thermistor temperature increases. As a result, the frequency model begins to overestimate 
the temperature. For the same reason, the difference between the temperature estimated by 
the basic thermal model and the hottest IGBT in the inverter is decreased. This effect can 
be seen in Figure 8.6(d) and Figure 8.6(f). In addition, these results show that the maximum 
IGBT temperature increases as the output angle of the inverter is changed. When operating 
at an angle of 240° (peak current in IWU) the temperature of the hottest IGBT approaches 
150°C. The higher temperature measured in this condition is caused by the increased 
thermal coupling between devices.  
 
In each of the comparisons presented in this section the modulation index is very low and 
over an output cycle, the IGBTs and diodes conduct for a similar period. However, it is 
possible for the inverter to operate in a stationary vector condition with a modulation index 
of unity, and more applications are beginning to utilise this operating mode. Therefore, it is 
essential that the thermal model is capable of protecting the inverter in this condition. In the 
frequency model the modulation index is an input variable and the estimated temperature 
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will be increased at a high modulation index. However, in order to develop the basic 
thermal model it is assumed that the modulation index in a stationary vector condition is 
zero. Thus, the temperature estimated by this model is independent of the actual modulation 
index and this assumption will lead to further errors.  
 
In summary, the comparisons performed in a stationary vector condition illustrate the 
following advantages and disadvantages: 
 
Thermal Model Advantages Disadvantages 
Frequency 
model  
 
i) Protects all of the devices in 
the inverter at any output angle 
 
ii) The estimated temperature 
is accurate (steady-state) when 
operating at the output angle 
used to select the devices in 
the model 
 
i) Overestimates the temperature 
when the peak power loss occurs in 
a device close to the thermistor 
 
ii) The temperature is overestimated 
during the transient period and this 
restricts the maximum short term 
overload capability of the drive 
 
Basic drive 
model 
  
i) The devices in the inverter can 
exceed their maximum temperature 
by more than 20˚C with a low 
modulation index 
 
ii) Any errors will be significantly 
increased when the modulation 
index is above zero 
 
 
8.4.2 Operation at a Low Output Frequency 
To illustrate the effects seen when operating at a low output frequency, the temperatures are 
compared at an output frequency of 0.033Hz. At this output frequency, the thermal 
coupling between the devices will still have a significant effect on the device temperature. 
In these tests the output current is limited to the magnetising current of the induction motor, 
which is 11A rms. A comparison for the IGBT and dio
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frequency of 16kHz is shown in Figure 8.7. Since the basic thermal model has only been 
designed to protect the IGBTs (single output) this temperature is shown in both figures.   
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  (c)         (d) 
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Frequency thermal model Basic drive thermal model Inverter output frequency
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Figure 8.7: Comparison at a low output frequency (a) load conditions and (b) comparison 
for the IGBT model (c) load conditions and (d) comparison for the diode model 
 
In Figure 8.7(b), it can be seen that the temperature estimated by the IGBT frequency 
model is higher than the hottest IGBT over the complete output cycle of the inverter. 
Therefore, this model protects the devices in this condition. Furthermore, since these tests 
are performed at a high switching frequency (16kHz) the power loss in an IGBT is far 
greater than a diode. Consequently, the temperature of an IGBT is dominated by its self 
heating. For this reason the period where the peak current is present in each device can be 
easily identified, these locations are highlighted by the device labels shown in both 
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comparisons. As in the previous operating condition, it can be seen that the basic thermal 
model underestimates the temperature and does not provide adequate protection.  
 
From the comparison of the diode frequency model shown in Figure 8.7(d), it can be seen 
that the temperatures of the hottest diode is underestimated by the model over the majority 
of the output cycle. Although, the estimated temperature is comparable to the measured 
temperature of DUU, which is the diode this model was designed to protect. This device was 
selected using the power loss and the resulting thermal coupling calculated for a switching 
frequency of 3kHz. At a high switching frequency the power loss in an IGBT is 
significantly higher than a diode. Thus, in this instance, the temperature of a diode is 
dominated by the thermal coupling from any neighbouring IGBTs. To illustrate this effect, 
the diode in which the peak junction-to-thermistor temperature occurs (between the 
junction and thermistor) has been calculated in two different operating conditions. These 
results are shown in Figure 8.8. 
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     (a)            (b) 
Figure 8.8: Diode in which the peak junction-to-thermistor temperature occurs in a 
stationary vector condition (a) operating condition A - IL=50A, VDC=600V, Tth=80°C and 
FSW=3kHz (b) operating condition B - IL=16A, VDC=550V, Tth=40°C and FSW=16kHz 
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In Figure 8.8(a), the results are calculated using the same operating conditions used in 
Chapter 7. These results show that when the modulation index is low, the peak junction-to-
thermistor temperature always occurs in DUU, hence why this device was initially chosen. 
However, for the operating conditions used to generate the comparisons in Figure 8.7, with 
a low modulation index the peak junction-to-thermistor temperature always occurs in DVU. 
This finding is supported by the measured results in Figure 8.7(d).   
 
In addition to the higher operating temperature, the thermal coupling from a neighbouring 
IGBT can increase the temperature gradient measured across the surface of the diode. 
Therefore, since the mutual thermal impedance is calculated using the mean temperature 
this gradient can have a significant effect on the accuracy of the estimated temperature. To 
illustrate this, a thermal image of the complete power module (operating at a low output 
frequency) has been taken when the peak power loss is in IWU. This is shown in Figure 
8.9(a). This clearly shows the six devices that are conducting at this output angle and using 
this data, the temperature gradient across a device can be determined. 
   
50
55
60
65
70
75
80
85
90
95
0 1 2 3 4 5 6 7
Distance (mm)
Te
m
pe
ra
tu
re
 
(˚C
)
DVU
DUU
DWL
 
 (a)            (b) 
Figure 8.9: Thermal coupling between IWU and DVU (a) thermal image taken with the peak 
loss in IWU (b) measured profile temperature along the centre of a diode 
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The temperature gradient measured across the surface of the diodes is shown in Figure 
8.9(b). These results show that the maximum temperature of DVU (88˚C) occurs at the edge 
of the device and this is considerably higher than the mean temperature (84˚C). Therefore, 
this effect will contribute towards the underestimation of the device temperature. However, 
in these conditions, the temperature of the hottest IGBT is far higher than the hottest diode. 
Consequently, the IGBT model will provide the overall protection for the power module.  
 
In summary, the comparison of the results measured with the inverter operating at a low 
output frequency and at a high switching frequency illustrates the following advantages and 
disadvantages: 
 
Thermal Model Advantages Disadvantages 
Frequency 
model  
 
i) The thermal model for the 
IGBTs provides the overall 
protection for the power 
module 
 
i) The diode temperature is 
underestimated 
 
ii) The accuracy of the estimated 
temperature is dependant on the 
operating conditions used to select 
the modelled devices 
 
Basic drive 
model 
  
i) The devices in the inverter can 
exceed their maximum temperature, 
an error of more than 10˚C has been 
observed 
 
 
8.4.3 Operation at a High Output Frequency 
The final comparison in this section shows the effect of operating at a higher output 
frequency. The results for this operating condition are shown in Figure 8.10. In this figure 
the measured IGBT temperatures are compared with the estimated temperatures at three 
output frequencies, ranging from 5Hz to 16.67Hz. The switching frequency used in these 
measurements was 16kHz. When the output frequency of the inverter is increased the 
thermal coupling between the devices in the power module changes and as predicted in 
Chapter 7, the peak junction-to-thermistor temperature no longer occurs in IUU.  
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Figure 8.10: Comparison at a high output frequency (a) load conditions and (b) comparison 
at 16.7Hz (c) load conditions and (d) comparison at 8.3Hz (e) load conditions and (f) 
comparison at 5Hz 
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No margins have been added to the frequency model to account for this effect and as 
expected, the estimated temperature is lower than the hottest device, which in this case is 
IVU. Even so, the temperature estimated by the frequency model does follow the peak 
temperature profile of the modelled device (IUU). In contrast to the other operating 
conditions examined, the basic thermal model provides better protection for the devices in a 
steady-state condition. This is due primarily to the reduced thermal coupling between the 
devices and the smaller temperature difference between the case and the thermistor. 
Although, the characteristics of the factor KFout and the safety margins in the datasheet 
thermal impedance will also have an impact. Additional comparisons are presented in 
Appendix F.  
 
In summary, the comparisons presented in this section highlight the following advantages 
and disadvantages: 
 
Thermal Model Advantages Disadvantages 
Frequency 
model 
 
i) The estimated temperature 
follows the profile of the 
modelled IGBT (IUU) 
 
 
i) The temperature of the hottest 
IGBT is underestimated  
Basic drive 
model 
 
i) In the steady-state, the devices 
are protected  
   
 
 
Overall, the three operating conditions examined so far have highlighted several key 
advantages and disadvantages for each model. The main conclusion that can be drawn from 
these comparisons is that the protection offered by the basic thermal model is not sufficient 
and the potential underestimation of the device temperature at low output frequencies could 
lead to the failure of the device. However, further comparisons are made in operating 
conditions specific to two common applications. These are described in the next section.   
8.5 Application Case Studies 
In this section the measured and estimated temperatures are compared using a typical load 
profile for a pick and place tool and an elevator.  
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8.5.1 Pick and Place Machine 
A pick and place machine is designed to perform repetitive picking and placing tasks and 
these are widely used in factory automation. One of the key performance requirements for 
these machines is the speed of operation, and as such the motor used to rotate the machine 
into position must be accelerated rapidly. The load on the motor during this period is highly 
dependant on the inertia of the machine and a significant load current will only be present 
when the motor is accelerating or decelerating. The main purpose for choosing this 
application is that it will identify the ability of the thermal models to estimate the 
temperature during these very short transient periods.      
8.5.1.1 Typical Load Profile 
A typical speed and current profile for a pick and place machine is shown in Figure 8.11. 
This is a very simple application and can be reproduced by accelerating and decelerating a 
motor (with some added inertia) as fast as possible.  
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Figure 8.11: Typical pick and place machine load profile  
 
In this application, the load current will be considerable at a low output frequency and this 
will have a significant impact on the characteristics of the estimated temperatures.  
8.5.1.2 Comparison of Results 
The comparison of the measured and estimated temperatures with the inverter operating at 
a switching frequency of 8kHz are shown in Figure 8.12. The comparison over the 
complete load profile is shown in Figure 8.12(b). In the steady-state the results are 
comparable to those shown in Section 8.4.3.  
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Figure 8.12: Pick and place machine tool comparison (a) load conditions and (b) 
comparison over the full profile (c) close up of the acceleration period (d) close up of the 
deceleration period 
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In this profile the motor is accelerated to full speed within approximately 0.3s. Due to this 
short time period it is difficult to identify the individual device temperatures in the 
complete response. Therefore, a close up of the acceleration and deceleration periods is 
shown in Figure 8.12(c) and Figure 8.12(d) respectively.  From the temperatures measured 
when the motor is accelerating, it can be seen that apart from the initial 10ms, the 
temperature estimated by the IGBT frequency model is higher than the hottest IGBT. 
Although during this period, the temperature is overestimated by up to 10˚C. In contrast, 
due to the selection of the time constant (100ms) the basic thermal model underestimates 
the temperature by at least 30˚C over the entire acceleration period. Similar characteristics 
are seen during the deceleration period, although as shown in Chapter 4, in this type of 
operating condition the frequency model overestimates the device temperature. 
 
In summary, the comparisons presented in this section highlight the following advantages 
and disadvantages: 
 
Thermal Model Advantages Disadvantages 
Frequency 
model 
 
i) Protects all of the devices 
in the inverter during a fast 
transient 
 
 
i) The temperature is overestimated 
during the transient periods especially 
when the load current is high and the 
output frequency is low 
 
ii) The temperature is underestimated 
in the steady-state condition 
 
Basic drive 
model  
 
i) During a fast transient the devices in 
the inverter can temporarily exceed 
their maximum temperature by more 
than 30˚C  
 
 
8.5.2 Elevator 
The recent trend in the elevator industry has been towards the development of gearless 
systems using permanent magnet motors. These offer the potential for a reduced space, 
higher efficiency and superior speed control, with full torque available down to zero speed 
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(stationary vector condition). To reduce the cost and size of the system, the drives are often 
selected so that they are operated close to their maximum rating. Furthermore, a high 
switching frequency is used in order to reduce the acoustic noise generated by the motor. 
Due to the cyclic nature of this application and the large temperature swings that can occur, 
the accurate estimation of the device temperature is essential for preventing early failures 
caused by the degradation of the component.  
8.5.2.1 Typical Load Profile 
A typical speed and current profile for an elevator application using a permanent magnet 
motor is shown in Figure 8.13. As shown, this profile includes a hold at floor current, 
which is required to hold the elevator car in position (at floor) until the mechanical brake is 
activated. During this period, the output current is dependant on the loading in the system 
and the inverter is operating in a stationary vector condition. 
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Figure 8.13: Typical elevator profile with hold at floor operation 
 
As with many motion applications, an elevator often uses an S-ramp speed profile during 
the acceleration and deceleration periods. This is used to provide a smooth ride without 
significantly increasing the acceleration times. 
8.5.2.2 Comparison of Results 
The comparison of the measured and estimated temperatures with the inverter operating 
with a load profile similar to that of an elevator is shown in Figure 8.13. In this figure, three 
different conditions are shown and in each of these the switching frequency is 16kHz. In 
the first of these, the temperature is compared for a single profile (no hold at floor current) 
that represents a loaded elevator car moving up one or more floors.  
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Figure 8.14: Elevator comparison with a steady state output frequency of 25Hz (a) load 
conditions and (b) comparison for a single profile (c) load conditions and (d) comparison 
for two profiles (e) load conditions and (f) comparison with hold at floor current 
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For this profile the frequency model underestimates the device temperature in the steady-
state condition, although the protection is once again improved when the inverter is 
operating at a low output frequency. In Figure 8.13(d), the temperatures are compared over 
two complete profiles with a higher output current. This comparison shows how the 
temperature increases over each profile and by the end of the second profile the maximum 
temperature approaches 150˚C. The final comparison in Figure 8.13(f) includes a hold at 
floor current. As expected, for this profile the frequency model protects the devices when 
operating in a stationary vector condition, but begins to underestimate the temperature as 
the output frequency is increased. The opposite applies for the basic thermal model.   
 
In order to compare the temperatures during the transient periods, a close up of the 
acceleration and deceleration periods for the second load profile (t=30 to 50s) in Figure 
8.13(b) are shown in Figure 8.15. To indicate the demands placed on the power 
semiconductors in this type of application, the maximum change in temperature (∆T) 
during each period has been identified.   
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Figure 8.15: Close up of the elevator profile during (a) acceleration (b) deceleration  
Chapter 8: Results and Comparison 
 
202 
From these figures, it is evident that both of the thermal models provide similar levels of 
protection during the acceleration period and even when decelerating, the basic thermal 
model only underestimates the temperature by approximately 5˚C. Furthermore, as the 
output frequency is reduced the difference between the peak temperatures of each IGBT 
can be distinguished.   
 
In summary, the comparisons presented in this section highlight the following advantages 
and disadvantages: 
 
Thermal Model Advantages Disadvantages 
Frequency 
model 
 
i) Protects all of the devices at a 
low output frequency (hold at 
floor) and during the transient 
periods 
 
 
i) Underestimates the temperature 
at a high output frequency  
Basic drive 
model 
 
i) Protects all of the devices 
when operating at a high output 
frequency  
 
 
i) The devices in the inverter can 
exceed their maximum 
temperature during a hold at floor 
operation 
 
 
8.6 Summary 
In this chapter, the temperature estimated by the frequency thermal model was compared 
with the basic thermal model, which is currently implemented in a Unidrive SP, and the 
temperature measured using an infrared camera. These comparisons were performed under 
several operating conditions, which include the typical load profile for a pick and place tool 
and an elevator. The basic thermal model was developed using several assumptions that 
allow it to be developed using the thermal impedance provided in the datasheet. The 
development of this model was described in Section 8.2. The main advantage of this 
approach is that it reduces the time needed to generate the input data for the thermal model, 
but these approximations will have an impact on the accuracy of this model. This will be 
more evident in certain operating conditions.  
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The first operating condition examined in this chapter was a stationary vector condition. 
When operating in this condition, the effect of the thermal coupling between the devices is 
significant. This was highlighted in the comparisons performed at the different output 
angles, which were shown in Section 8.4.1. Due to this thermal coupling, the basic thermal 
model (based on the self thermal impedance) significantly underestimates the device 
temperature, whereas the frequency model was shown to protect the devices in each of the 
operating conditions examined. Similar characteristics were seen in the comparisons in 
Section 8.4.2, which show the response at a low output frequency. As the output frequency 
is increased, the effect of the thermal coupling between the devices and the temperature 
difference between the case, measured directly under a device, and the thermistor is 
reduced. Consequently, the protection provided by the basic thermal model is improved. 
This was shown in the comparisons in Section 8.4.3. Furthermore, since the device in 
which the peak junction-to-thermistor temperature occurs is dependant on the operating 
condition, at a high output frequency the frequency thermal model underestimates the 
temperature of the hottest device.  
 
Additional comparisons were shown in Section 8.5, where a load profile similar to that of a 
pick and place machine and an elevator were defined. These comparisons emphasised many 
of the characteristics seen in the previous operating conditions, but were also used to 
highlight the transient characteristics of each model.  
 
Overall, the comparisons in this chapter have shown that the basic thermal model does not 
prevent the devices in the inverter from exceeding their maximum operating temperature, 
especially when operating at a low output frequency or during fast transients. In some 
conditions the model was shown to underestimate the temperature by well over 20˚C. 
Therefore, with a trip temperature of 150˚C it would be possible for the device temperature 
to exceed 170˚C, which is not acceptable. In contrast, the frequency model protects the 
devices at a low output frequency, but due to the selection of the modelled devices it begins 
to underestimate the temperature as the output frequency is increased. This effect was 
predicted in Chapter 7. Therefore, the adaptation of the frequency model in order for it to 
provide adequate protection at both low and high output frequencies is an area for further 
work. 
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Chapter 9:  Conclusion 
 
 
9.1 General Overview  
The main aim of this work has been to develop a thermal model that can accurately 
estimate the temperature of the power semiconductors in an inverter. One of the constraints 
placed on this design is that it must be possible to implement the thermal model using the 
computational resources available in a commercial drive without introducing the risk of 
aliasing. This constraint has had a significant impact on the development of the thermal 
model and several compromises have been made in order to reduce its complexity, although 
at each stage care has been taken to prevent the temperature from being underestimated. 
This chapter provides an overview of the work presented in this thesis and examines the 
extent to which the objectives outlined in Chapter 1 have been achieved.    
 
The scope of this work is limited to the protection of the components in the inverter stage 
of a drive and does not include protection for the components in the rectifier or brake. 
Furthermore, the variation of the thermal and electrical characteristics between power 
modules and the degradation of these over the lifetime of a device has not been considered.   
 
The weaknesses of the existing thermal model implemented in a Control Techniques, 
Unidrive SP have been identified. This model is based on the thermal impedance provided 
by the manufacturer and ignores the effect of the thermal coupling between devices and the 
location of the internal thermistor in the power module. Ignoring these could result in the 
temperature of the power semiconductor being significantly underestimated, possibly 
leading to the premature failure of the inverter. This is more likely to occur when the 
inverter is operating at an output frequency of 0Hz. In this condition, there is no filtering 
effect due to the thermal capacity of the material in the power module and heatsink, and it 
is possible for one device to be continuously operated at the peak output current. For these 
reasons, this operating condition is used to develop and validate the new thermal model.  
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The temperature of every device in an inverter can be estimated by implementing the 
complete thermal impedance matrix. However, with the available computational resources 
it is not possible to implement the complete matrix at a sample rate high enough to avoid 
aliasing. In [1] a procedure has been described to simplify the thermal impedance matrix by 
selecting only the key values, although this is still difficult to implement. In this work the 
thermal impedance matrix is solved in the frequency domain. The main advantage of this 
approach is that it reduces the computational resource required to avoid aliasing due to the 
output frequency of the inverter.    
9.2 Thermal Model for a Single Device   
The thermal model developed in this work is used to estimate the temperature difference 
between the junction of an IGBT or diode and the internal thermistor in a power module. 
The temperature of a single device is estimated as follows:   
 
• The self thermal impedance between the junction of a device and the internal 
thermistor is measured and this is represented by an equivalent Foster network.  
• The power loss generated in a device over a complete output cycle of the inverter 
(1/Fout) is approximated by a number of frequency components. The magnitude of 
these components is modified to avoid underestimating the power loss.   
• The steady-state temperature over a complete output cycle is calculated by 
multiplying each of the frequency components with the response of the Foster 
network. The general response is calculated off-line.  
• The peak junction-to-thermistor temperature over the output cycle is calculated 
using a method based on the Taylor series approximation of each frequency 
component, this temperature is the steady-state output of the thermal model.  
• To model the transient response due to a step change in power loss or output 
frequency, a transient component is added to the steady-state response.  
 
The main advantage of this approach is that when compared to a model implemented in the 
time domain the number of on-line calculations is significantly reduced. Furthermore, since 
the peak junction-to-thermistor temperature is known, the risk of aliasing when the inverter 
is operating at higher output frequencies has been minimised. However, several 
Chapter 9: Conclusion 
 
206 
approximations were made during the calculation of the frequency components which can 
cause the steady-state temperature to be overestimated, although a single device is always 
protected. The accuracy of the transient response is limited by the implementation of the 
ripple and transient components, which can lead to the temperature being underestimated 
for a short period during sudden changes in output frequency.     
9.3 Thermal Model for a Multi-chip Device   
In a multi-chip device the temperature difference between the junction of a device and the 
internal thermistor is affected by the thermal coupling from the other devices in the 
inverter. The single device model has been adapted to model this effect. The temperature of 
a device in a multi-chip power module is estimated as follows:   
 
• The self and mutual thermal impedance for every device in the inverter is measured 
and each of these is represented by an equivalent Foster network.  
• The measured thermal impedances form the complete thermal impedance matrix for 
the inverter with 144 elements. This is used to identify the IGBT and diode with the 
largest temperature difference between itself and the thermistor when the inverter is 
operating at 0Hz. This calculation is performed off-line.  
• The row of thermal impedances (self and mutual) for these devices is selected from 
the complete matrix, reducing the matrix used in the thermal model to 24 elements.  
• By examining the transient response, a common time constant is selected for 
thermal coupling (mutual impedance) between the selected devices and the other 
IGBTs and diodes in the inverter. The response of these mutual impedances is then 
combined off-line, reducing the matrix to 6 elements.  
• The temperature rise due to the individual elements for the hottest IGBT and diode 
is calculated using the general frequency components developed for the single 
device. Linear superposition is used to calculate the total steady-state temperature. 
• The transient response is modelled in the same manner as the single device. 
 
In a multi-chip device operating under constant conditions the temperature difference 
calculated between the hottest device and the internal thermistor is constant and is equal to 
the largest temperature difference at any output angle (i.e. the worst case). However, like 
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the power semiconductors, the temperature of the thermistor is dependant on the thermal 
coupling between itself and any nearby devices. Thus, combining the constant output of the 
thermal model with the measured thermistor temperature can result in the temperature 
being overestimated. Other factors that can have an influence on the accuracy of the 
thermal model include: 
 
• The power loss generated in a device is dependant on its temperature, but in this 
model only the temperature of one IGBT and diode is known. Therefore, it is 
assumed that the peak power loss in the other devices is the same.    
• When using the internal thermistor to provide the temperature feedback for the 
thermal model the mutual thermal impedances can be negative. If so, any 
overestimation in the power loss can decrease the estimated temperature.  
• To combine the mutual thermal impedance a common time constant is selected 
and this has an impact on the accuracy of the transient response and to a lesser 
extent, the steady-state temperature.   
9.4 Measurements 
To implement the thermal model the following parameters have been measured:   
 
Electrical:  Turn on, turn off and reverse recovery switching loss  
On-state and forward voltage   
Thermal:  Self thermal impedance between the junction and thermistor  
Mutual thermal impedance between the junction and thermistor   
 
These measurements (electrical and thermal) have been performed with the power module 
connected externally from the drive, but on a standard heatsink. This configuration allows 
the temperature of the IGBTs and diodes to be measured by an infrared camera. Each of the 
electrical parameters are estimated by a polynomial expression, these are generated by 
curve fitting the expression to the measurements taken at different temperatures, currents 
and voltages. The accuracy of these expressions is reasonable in all conditions. The thermal 
impedance is calculated from the cooling response measured by an infrared camera. To 
implement the thermal model an equivalent Foster network is curve fitted to the measured 
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values; two network elements are used for the self thermal impedance and a single element 
for the mutual impedance. These parameters are used to select the modelled devices and for 
the power module examined in this work, the upper IGBT and diode in the U phase have 
been selected (IUU and DUU).    
9.5 Comparison of the Thermal Model with Measured Temperatures 
Two thermal models have been implemented in a Control Techniques, Unidrive SP: 
 
• The frequency thermal model that is described in this work  
• A basic thermal model developed from the datasheet thermal impedance (i.e. the 
thermal model currently used in the Unidrive SP)   
 
The temperature estimated by these models has been compared with the temperature 
measured by the infrared camera under a range of operating conditions; these conditions 
have been selected to highlight the key advantages and limitations of both models.  
 
When operating in a stationary vector condition it was shown that the frequency model 
protects the inverter, but can overestimate the temperature during the initial transient 
period, or when operating at an output angle other than that where the peak junction-to-
thermistor temperature occurs. In contrast, despite the margins within the basic thermal 
model it can significantly underestimate the temperature, an error of more than 25˚C has 
been observed.  
 
At higher output frequencies the effect of the thermal coupling between each device is 
changed. In this condition the temperature estimated by the frequency model continues to 
follow the peak profile of IUU and DUU. However, these are no longer the hottest devices. 
Consequently, the frequency model underestimates the temperature. This effect was 
predicted during the development of the thermal model, but no margins were added to the 
model to allow the fundamental approach to be evaluated. The protection offered by the 
basic thermal model is improved at a higher output frequency. This is because the impact of 
the thermal coupling and the temperature difference between the case and thermistor is 
reduced to a level where it is smaller that the margins in the model.  
Chapter 9: Conclusion 
 
209 
Other conditions that have been examined include operating with a load profile similar to 
that of a machine tool and an elevator; the same conclusions can be drawn from these 
comparisons. 
  
The frequency model developed in this work has the potential to achieve all of the aims set 
out in Chapter 1, i.e. to develop a thermal model that can protect an inverter in any 
operating condition and be implemented using the existing computational resource in a 
commercial drive.  
 
The only factors preventing the direct application of this model to an industrial application 
is the underestimation of the temperature at higher output frequencies, but this can be 
avoided by the calculation of a suitable safety margin.     
9.6 Recommendations for Further Work 
This research has focused on the development of a thermal model to protect the power 
semiconductors in the inverter stage. During this development several areas have been 
identified that would benefit from further work. 
 
1. Transient component: The method used to implement the transient component in 
the frequency model can cause the estimated temperature to increase every time the 
operating conditions change. This can be a problem in cyclic applications and more 
work is required to eliminate this effect. 
2. Ripple component: The peak ripple temperature is calculated from the sum of the 
frequency components and this is added to the output of the thermal model as a 
constant value. This can lead to an overestimation of the device temperature. One 
solution is to apply the ripple component to a first order filter where the time 
constant is dependant on the output frequency. More work is required to establish 
the impact of this approximation.       
3. Device selection: The IGBT and diode with the largest temperature difference 
between the junction and thermistor are calculated in a stationary vector condition. 
As the output frequency is increased the device in which the largest temperature 
difference occurs can change. There are two possible solutions; add a constant 
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margin to the thermal impedance or select two or more conditions (e.g. 0Hz, 5Hz 
10Hz, etc) and change the thermal impedance with the output frequency. Further 
simulation and experimental work is required to validate these options.  
 
In addition to the development of the thermal model, areas where further work can be 
applied include: 
 
1. Extending the frequency model to other devices: The interaction between the 
devices in the inverter, rectifier and brake was not considered in this work. More 
work is required to establish the effect of the thermal coupling between these stages 
and to develop a model that can also protect the rectifier and brake.  
2. Using the estimated temperature: The output of the thermal model is used to 
prevent the components in the inverter from exceeding their maximum temperature 
by tripping the drive. More sophisticated control of the drive operating parameters 
(e.g. output current, switching frequency, etc) and the speed of the cooling fan may 
improve the general performance of the drive.      
3. Improving power semiconductor lifetimes: The lifetime of the components in the 
inverter are highly dependant on the thermal cycling present in an application. Even 
if the temperature of the components is kept below their maximum values the effect 
of thermal cycling on the lifetime of the inverter can be significant. Existing 
research has focused on indentifying the causes of failure (e.g. the degradation of 
the solder layers, bond wire lift off, etc) and the estimation of the life time when 
operating with predictable load profile. Using the temperature estimated by a 
thermal model to control the drive operating conditions in order to reduce the 
temperature swings and prolong the lifetime of the inverter is a novel area of 
research that would benefit from further work.  
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Appendix A: Temperature Response of the Frequency Model 
 
 
A.1 Introduction 
In this appendix, the steady-state, DC and transient components of the temperature response 
due to a step change in power loss and output frequency are calculated for the switching 
and conduction loss models. To show how these are calculated, a general frequency term 
representing part of the complete power loss in a device is applied to a Foster network 
element. The resulting temperature response for this general component is shown in Section 
A.1.1. This analysis is then used to generate the complete solution for the switching and 
conduction loss, these are shown in Section A.1.2 and Section A.1.3 respectively.  
A.1.1 Calculation of the Frequency Components for a General Term 
In this section, the complete temperature response is calculated for a general frequency 
component (nth harmonic) with an offset (λ): 
 
 ( )λωω += tnPtP sinˆ)(        (A.1) 
 
This frequency component is applied to a Foster network element, and in the Laplace 
domain, the response of this element is:   
 
 ( )s
R
sZ thth τ+
=
1
)(         (A.2) 
 
To calculate the resulting temperature response the following equation must be solved:  
 
 )()()( sZsPsT th=         (A.3) 
 
and for the chosen frequency component (Equation A.1), the temperature response is given 
by:  
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This can be rearranged into the form:  
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To solve this equation, the magnitude of each partial faction term (A, B and C) must be 
calculated. For example, if ωjns −=  the magnitude of A is given by:  
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This magnitude is shifted by pi to account for the imaginary part of the denominator, which 
in this instance is negative. The phase shift due to the filtering effect of the thermal time 
constant (τ) can be represented in the form: 
 
 ( )ωτpi
ωτ
n
n
11 tan
2
1
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
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

      (A.7) 
 
and by assigning: 
 
 ( )ωτβ nn 1tan −−=         (A.8) 
 
and  
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1
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=
ωτn
AFn         (A.9) 
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The magnitude of A can be expressed as:  
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or alternatively, in the complex form:  
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The inverse Laplace transform for partial fraction A is:  
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By substituting the magnitude of A (Equation A.11) into this equation, the temperature 
response for this term is given by: 
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Using the procedure outlined above it can be shown that the magnitude of the partial 
fraction B, in complex form, is given by:  
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The inverse transform for this partial fraction is:  
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and the corresponding temperature response for this term is: 
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By comparing Equations A.13 and A.16, it can be seen that the magnitude of B is the 
complex conjugate of A. Consequently, adding the temperature response of A and B 
together gives:  
 
 [ ])sin()cos()cos()sin(ˆ)( 1 tntnARPtT nnFthBA ωβλωβλω +++=+   (A.17) 
 
Combining the frequency components in this response: 
 
 )sin(ˆ)( 1 nFthBA tnARPtT βλωω ++=+       (A.18) 
 
This response is defined as the steady-state component and is equivalent to the original 
input signal (Equation A.1) with a modified magnitude (AFn) and a phase shift (βn), both of 
these are dependant on the time constant of the network element and the output frequency. 
However, as shown in Equation A.4, there are three partial fraction terms in the complete 
response. The magnitude of the final term (C) is calculated by assigning τ1−=s and is 
given by: 
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The inverse Laplace transform for partial fraction C is:   
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and the temperature response for this term is: 
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As shown in Equation A.20, after the step change the magnitude of this term decays to zero 
and this is therefore referred to as the transient component of the response. In summary, the 
complete temperature response due to a sine component of the nth harmonic in the 
frequency model is given by:    
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or for a cosine component, which is calculated using an offset angle of pi/2: 
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The final component in the complete temperature response is defined as the DC component. 
For a DC component with a unity magnitude, the temperature response due to a step change 
in power loss is given by: 
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and by using the inverse Laplace transform, the temperature response of this component in 
the time domain is:  
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In the following sections, Equations A.22, A.23 and A.25 are used to calculate the complete 
temperature response for the switching and conduction loss models that were described in 
Chapter 4.    
A.1.2 Complete Temperature Response for the Switching Loss Model  
For the switching loss model, the power loss over the output cycle of the inverter is 
approximated by:  
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This equation has three components, a DC, fundamental (n=1) and second (n=2) harmonic. 
Therefore, using the equations developed in Section A.1.1, the DC, steady-state and 
transient components of the temperature response caused by a step change in the peak 
switching loss are as shown in Table A.1. For the switching loss the phase shift λ=θ+α. 
    
Table A.1: Components of the temperature response due to the device switching loss  
Frequency  
Component Magnitude 
Steady 
State Transient 
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By separating the frequency terms into their sine and cosine components the effect of the 
phase shift is incorporated into the magnitude of these terms. Therefore, in terms of the 
transient response there is no phase shift and each term is calculated with λ=0.    
A.1.3 Complete Temperature Response for the Conduction Loss Model  
For the conduction loss model, the power loss over the output cycle of the inverter with a 
unity duty cycle is approximated by:  
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and the duty cycle due to the modulation scheme is approximated by: 
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Therefore, the power loss that is applied to the Foster network element is given by:  
 
 )1( == mconmcon PP δδ         (A.29) 
 
By multiplying the frequency components in the power loss and duty cycle, the resulting 
power loss (Pcon) will consist of the DC and fundamental components (n=1) as well as the 
second (n=2) and third (n=3) harmonics. The DC, steady-state and transient components of 
the temperature response caused by a step change in the peak conduction loss are as shown 
in Table A.2.  
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Table A.2: Components of the temperature response due to the device conduction loss  
Frequency  
Component Magnitude 
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Appendix B: Measured Thermal Parameters for the Inverter 
 
 
B.1 Introduction 
The transient thermal impedance curves for every device in the inverter are measured using 
the experimental methods described in Chapter 6. From these curves, the parameters of an 
equivalent Foster network are calculated and this is described in Chapter 7. In this 
appendix, the following parameters are shown:  
 
a) Self thermal resistance for the diodes measured with the fan on and off  
b) Self and mutual thermal resistances measured with the fan on   
c) Thermal parameters of the equivalent Foster networks   
B.2 Diode Thermal Resistance Comparison 
The measured thermal resistance for each of the diodes in the inverter is compared with the 
datasheet value in Figure B.1. The general characteristics shown in this figure are similar to 
those of the IGBTs that were shown in Chapter 6. 
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Figure B.1: Comparison of the measured (Rth,ii(j-th)) and datasheet (Rth(j-c)) self thermal 
resistance for the diodes in the inverter 
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B.3 Thermal Impedance Matrix 
The self and mutual thermal resistances measured for the devices in the inverter are shown in the table below.  
 
Table B.1:  Steady-state thermal impedances between the junction and thermistor (K/W) 
 IUU IUL IVU IVL IWU IWL DUU DUL DVU DVL DWU DWL 
IUU 0.564 -0.054 0.023 -0.079 -0.061 -0.057 0.148 -0.015 -0.026 -0.129 -0.050 -0.046 
IUL 0.025 0.456 0.010 -0.032 -0.034 -0.024 0.029 0.073 -0.006 -0.052 -0.028 -0.013 
IVU 0.066 -0.024 0.480 -0.058 -0.011 -0.035 0.095 0.045 0.075 -0.103 -0.020 -0.028 
IVL -0.020 -0.053 -0.030 0.475 -0.050 0.030 -0.023 -0.035 -0.039 -0.028 -0.006 0.051 
IWU 0.015 -0.030 0.024 -0.034 0.443 -0.005 0.020 -0.008 0.065 -0.082 0.031 -0.008 
IWL -0.028 -0.076 -0.046 -0.010 -0.049 0.481 -0.030 -0.048 -0.057 -0.097 0.038 0.055 
DUU 0.150 -0.043 0.068 -0.071 -0.044 -0.049 0.835 0.026 -0.005 -0.120 -0.038 -0.040 
DUL 0.053 0.034 0.039 -0.052 -0.040 -0.035 0.063 0.801 -0.006 -0.090 -0.036 -0.025 
DVU 0.035 -0.018 0.098 -0.045 0.060 -0.022 0.048 0.030 0.724 -0.089 -0.005 -0.019 
DVL -0.005 -0.012 -0.017 0.030 -0.041 0.002 -0.006 -0.008 -0.026 0.736 -0.016 0.015 
DWU -0.015 -0.064 -0.026 -0.025 -0.008 0.044 -0.014 -0.034 -0.030 -0.092 0.812 0.011 
DWL -0.044 -0.094 -0.067 -0.018 -0.079 0.030 -0.048 -0.068 -0.081 -0.114 -0.024 0.838 
 
The diagonal elements in this table are the self thermal impedances for each device, whereas the off-diagonal are the mutual thermal 
impedances. Examples of the definition of these impedances are given below:  
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a) Self thermal impedance for IUU measured when a power loss is applied to this 
device – Zth(IUU – IUU) = 0.564 K/W 
b) Mutual thermal impedance measured between IWL and IUU when a power loss is 
applied to IUU – Zth(IUU – IWL) = -0.057 K/W 
c) Mutual thermal impedance measured between IUU and IWL when a power loss is 
applied to IWL – Zth(IWL – IUU) = -0.028 K/W 
B.4 Curve Fitted Network Parameters for the Transient Thermal Impedance 
The parameters of an equivalent Foster network are curve fitted to the measured transient 
thermal impedance using the method described in Chapter 7.  
B.4.1 Self Thermal Impedance Network Parameters 
In the thermal model, the self thermal impedance is represented by a second order network 
and the calculated network parameters (fan on) are shown in this section.  
 
Table B.2: IGBT network parameters  
Network Elements IUU IUL IVU IVL IWU IWL 
Rth1 0.141 0.171 0.120 0.238 0.167 0.180 Thermal 
Resistance (K/W) Rth2 0.423 0.285 0.360 0.238 0.278 0.300 
τ1 2.180 0.257 0.860 0.047 0.279 0.535 Time Constant (s) 
τ2 0.085 0.055 0.090 0.265 0.062 0.064 
 
Table B.3: Diode network parameters  
Network Elements DUU DUL DVU DVL DWU DWL 
Rth1 0.209 0.200 0.181 0.368 0.203 0.210 Thermal 
Resistance (K/W) Rth2 0.626 0.601 0.543 0.368 0.609 0.629 
τ1 0.812 0.422 0.398 0.032 0.493 1.098 Time Constant (s) 
τ2 0.053 0.045 0.092 0.126 0.047 0.048 
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B.4.2 Mutual Thermal Impedance Network Parameters 
In the thermal model, the mutual thermal impedance is represented by a first order network 
and the calculated network parameters (fan on) are shown in this section.  
 
Table B.4: IGBT to IGBT network parameters 
Network 
Elements IUU IUL IVU IVL IWU IWL 
Rth1 0.564 -0.054 0.023 -0.079 -0.061 -0.057 IUU 
τ1 0.122 3.465 1.582 7.349 3.219 13.146 
Rth1 0.025 0.456 0.010 -0.032 -0.034 -0.024 IUL 
τ1 5.479 0.129 0.851 5.660 2.268 11.064 
Rth1 0.066 -0.024 0.480 -0.058 -0.011 -0.035 IVU 
τ1 4.189 3.148 0.118 5.660 5.639 9.164 
Rth1 -0.020 -0.053 -0.030 0.475 -0.050 0.030 IVL 
τ1 20.567 3.817 9.711 0.111 3.219 1.350 
Rth1 0.015 -0.030 0.024 -0.034 0.443 -0.005 IWU 
τ1 3.386 2.830 1.269 4.196 0.112 17.852 
Rth1 -0.028 -0.076 -0.046 -0.010 -0.049 0.481 IWL 
τ1 20.125 3.986 7.888 4.196 3.219 0.155 
 
Table B.5: Diode to IGBT network parameters 
Network 
Elements DUU DUL DVU DVL DWU DWL 
Rth1 0.148 -0.015 -0.026 -0.129 -0.050 -0.046 IUU 
τ1 1.247 4.119 3.321 2.884 9.001 17.429 
Rth1 0.029 0.073 -0.006 -0.052 -0.028 -0.013 IUL 
τ1 2.723 0.707 4.479 1.895 5.801 19.991 
Rth1 0.095 0.045 0.075 -0.103 -0.020 -0.028 IVU 
τ1 1.898 0.829 0.458 1.895 9.001 15.043 
Rth1 -0.023 -0.035 -0.039 -0.028 -0.006 0.051 IVL 
τ1 16.540 6.984 4.479 2.884 7.312 3.182 
Rth1 0.020 -0.008 0.065 -0.082 0.031 -0.008 IWU 
τ1 2.533 7.269 0.554 1.895 0.864 12.452 
Rth1 -0.030 -0.048 -0.057 -0.097 0.038 0.055 IWL 
τ1 16.361 8.187 4.479 1.895 0.745 4.308 
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Table B.6: Diode to diode network parameters 
Network 
Elements DUU DUL DVU DVL DWU DWL 
Rth1 0.835 0.026 -0.005 -0.120 -0.038 -0.040 DUU 
τ1 0.056 1.301 4.479 1.895 9.001 17.110 
Rth1 0.063 0.801 -0.006 -0.090 -0.036 -0.025 DUL 
τ1 2.723 0.141 5.816 1.895 5.800 17.429 
Rth1 0.048 0.030 0.724 -0.089 -0.005 -0.019 DVU 
τ1 3.674 0.841 0.144 1.895 20.113 12.599 
Rth1 -0.006 -0.008 -0.026 0.736 -0.016 0.015 DVL 
τ1 21.218 11.029 4.479 0.099 5.801 1.344 
Rth1 -0.014 -0.034 -0.030 -0.092 0.812 0.011 DWU 
τ1 18.602 6.984 3.320 1.895 0.086 2.504 
Rth1 -0.048 -0.068 -0.081 -0.114 -0.024 0.838 DWL 
τ1 18.806 9.485 4.479 1.895 5.801 0.045 
 
Table B.7: IGBT to diode network parameters 
Network 
Elements IUU IUL IVU IVL IWU IWL 
Rth1 0.150 -0.043 0.068 -0.071 -0.044 -0.049 DUU 
τ1 1.805 2.513 1.366 5.660 3.219 11.064 
Rth1 0.053 0.034 0.039 -0.052 -0.040 -0.035 DUL 
τ1 5.082 0.327 1.354 5.660 2.268 11.064 
Rth1 0.035 -0.018 0.098 -0.045 0.060 -0.022 DVU 
τ1 5.887 2.830 0.866 4.196 0.419 9.164 
Rth1 -0.005 -0.012 -0.017 0.030 -0.041 0.002 DVL 
τ1 26.482 8.032 9.710 0.519 2.268 0.487 
Rth1 -0.015 -0.064 -0.026 -0.025 -0.008 0.044 DWU 
τ1 21.471 3.840 7.888 4.196 19.551 1.597 
Rth1 -0.044 -0.094 -0.067 -0.018 -0.079 0.030 DWL 
τ1 21.797 4.201 9.710 5.660 4.342 2.058 
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Appendix C: Pulse Testing Procedure 
 
 
C.1 Introduction 
To calculate the temperature of a device the power loss in every possible operating 
condition must be known. In the thermal model, this calculation is performed on-line and 
the model requires a number of device parameters that must be measured in the exact 
configuration that will be used to evaluate the thermal model. In this appendix, the 
configuration used to measure the device parameters and the corresponding test circuit is 
described. The methods used to measure the switching loss and the on-state voltage for an 
IGBT and a diode in the inverter stage of the power module are then outlined in detail.    
C.1.1 Experimental Setup 
The thermal model has been designed to protect the devices in the inverter stage of the 
power module and does not include the effect that the devices in the rectifier or the brake 
have on the temperature of these devices. Therefore, to evaluate the thermal model it is 
important that only the devices in the inverter are active and since the switching loss must 
be measured in this configuration, the circuit used is as shown in Figure C.1.   
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Figure C.1: Physical layout used to measured the switching loss and on-state voltage 
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In the configuration used to evaluate the thermal model, the power module in an 
unmodified drive (drive 1) is used to rectify the three phase input. However, in these 
measurements, the DC link voltage is controlled using a high voltage power supply, which 
is connected directly to the DC link terminals of both drives. To allow the temperature of 
the devices to be measured using an infrared camera the power module under test has been 
removed from drive 2 and the terminals of this module are connected to the drive via fly 
leads. This drive provides the voltage and current feedback to the controller as well as the 
gate drive signals for the IGBTs in the inverter (external power module). In order to 
measure the device parameters, the IGBT is controlled by a pulse generator. For these 
measurements, the power module is attached to a power resistor and this is used to control 
the temperature of the module, which is measured using several thermocouples embedded 
in the case. The corresponding test circuit for this configuration is shown in Figure C.2.  
 
 
Figure C.2: Test circuit used to measure the switching loss of the lower IGBT and the upper 
diode in the U phase of the inverter 
 
In this example, the inductor, which is used to provide a constant current during the 
switching event, is connected between the +DC link and U phase motor terminals. 
Therefore, using this configuration, the current (IL) is controlled by varying the on-time of 
the lower IGBT in the U phase and the switching loss in this device and the upper diode can 
be measured.  
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C.1.2 Switching Loss 
To measure the switching loss in the IGBT and diode, the IGBT is controlled using a 
double pulse. This pulse and the typical current in the inductor (IL), IGBT (IIGBT) and diode 
(IL-IIGBT) are shown in Figure C.3.  
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Figure C.3: Double switching pulse used to control the current magnitude for the switching 
loss measurements 
 
The first pulse is required to increase the current flowing through the load inductance, 
during this pulse the current flows entirely through the IGBT. The peak magnitude is 
limited by the on time of the IGBT. The length of T1 required to reach the target current 
will depend on the supply voltage and the inductance of the load, although in order to 
minimise the change in current during the switching event the inductance should be 
selected so that the pulse length is in the order of 100µs. Once the load current has reached 
the desired test level the IGBT is turned off and at this point the load current transfers to the 
anti-parallel diode of the upper device. The length of pulses T2 and T3 must be long enough 
to ensure that the IGBT has fully switched (off or on) before the next event. At the end of 
the second pulse (T2) the IGBT is switched on and by triggering on the rising edge of the 
Appendix C: Pulse Testing Procedure  
 
227 
output from the pulse generator the turn-on loss in the IGBT (Eon) and the turn-off loss in 
the diode (Erec) can be measured. Similarly, at the end of T3, the IGBT is switched off and 
the turn-off energy (Eoff) is measured. This process is repeated several times at each 
voltage, current and temperature.   
C.1.3 On-State Voltage 
Unlike the switching loss measurements the on-state voltage can be measured using a 
single pulse, this process is shown in Figure C.4.  
 
 
Figure C.4: Single switching pulse used to control the current magnitude for the on-state 
voltage measurements 
 
In this instance, the pulse length (T1) is adjusted until the maximum test current is reached. 
As the load current (IL) is increased the current flows entirely in the IGBT and the on-state 
voltage (VCE) rises until the IGBT is turned off, at which point the current is transferred to 
the diode. The current in the diode and the resulting on-state voltage (VF) then decays. If 
the voltage and current is measured over the entire pulse length a single test is required to 
measure the on-state voltage at each current level, but the measurements must be repeated 
at each temperature.                                                                                                                 .
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D.1 Introduction 
To calculate the power loss in a device the switching energy and on-state voltage for an 
IGBT and diode must be known over the full range of operating conditions. The procedure 
used to measure these parameters is described in Chapter 6. To reduce the amount of input 
data a power loss model is developed for each of the following parameters:   
 
• IGBT turn-on energy loss (Eon) 
• IGBT turn-off energy loss (Eoff) 
• Diode turn-off energy loss (Erec) 
• IGBT on-state (forward) voltage (VCE) 
• Diode on-state (forward) voltage (VF) 
 
In this appendix, the measured switching energy and on-state voltage are calculated using 
the loss model described in Chapter 7. These are compared against the values measured 
with a DC link voltage of 600V. An example of the model used to calculate the turn-on 
energy of the IGBT is shown below, although the same model (different parameters) is 
used to calculate each of the parameters listed above:  
 
 
( ) ( ) VLLDCjLon kkIkIkVTIE ⋅+⋅+⋅= 3221,,  (mJ)    (D.1) 
  1312
2
111 kTkTkk jj +⋅+⋅=   (mJ/A2)    (D.2) 
  2322
2
212 kTkTkk jj +⋅+⋅=   (mJ/A)     (D.3) 
  3332
2
313 kTkTkk jj +⋅+⋅=    (mJ)     (D.4) 
  32
2
1 VDCVDCVV kVkVkk +⋅+⋅=      (D.5) 
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D.2 Switching Loss 
D.2.1 IGBT Turn-on Energy (Eon)  
Table D.1: Loss parameters 
 Tj2 Tj1 Tj0 
K1 (mJ/A2) 2.34e-06 9.17e-04 4.47e-01 
K2 (mJ/A) 4.95e-04 1.76e-01 9.47e+01 
K3 (mJ) 1.38e-03 5.11e+00 2.65e+02 
  kV1 kV2 kV3 
kV 0 2.59e-03 -5.45e-01 
 
Table D.2: Measured switching energy with a DC Link voltage of 600V (mJ)  
Temperature (°C) 
Current (A) 25 50 75 100 125 150 
5 0.78 1.00 1.16 1.32 1.50 1.68 
15 2.15 2.12 2.44 2.69 2.87 3.22 
25 3.19 3.43 3.84 4.15 4.41 4.86 
35 4.48 4.63 5.11 5.63 6.06 6.46 
45 5.82 6.14 6.57 7.08 7.68 8.18 
55 7.18 7.63 8.21 8.93 9.43 10.35 
65 8.78 9.58 10.22 10.74 11.30 12.26 
75 10.60 11.19 11.97 12.76 13.34 14.62 
 
Table D.3: Calculated switching energy with a DC Link voltage of 600V (mJ)  
Temperature (°C) 
Current (A) 25 50 75 100 125 150 
5 0.90 1.06 1.22 1.39 1.56 1.74 
15 1.99 2.21 2.43 2.67 2.92 3.19 
25 3.17 3.45 3.75 4.07 4.41 4.76 
35 4.45 4.80 5.18 5.58 6.01 6.47 
45 5.82 6.25 6.71 7.20 7.73 8.30 
55 7.29 7.79 8.34 8.94 9.58 10.26 
65 8.85 9.44 10.08 10.78 11.54 12.35 
75 10.50 11.18 11.93 12.74 13.62 14.56 
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D.2.2 IGBT Turn-off Energy (Eoff)  
Table D.4: Loss parameters 
 Tj2 Tj1 Tj0 
k1 (mJ/A2) 2.61e-06 -3.37e-03 1.32e-01 
k2 (mJ/A) 1.47e-03 5.15e-01 7.43e+01 
k3 (mJ) 5.56e-03 6.34e-01 2.81e+02 
  kV1 kV2 kV3 
kV 0 1.17e-03 2.93e-01 
 
Table D.5: Measured switching energy with a DC Link voltage of 600V (mJ) 
Temperature (°C) 
Current (A) 25 50 75 100 125 150 
5 0.70 0.79 0.84 1.00 1.13 1.38 
15 1.66 1.90 2.13 2.41 2.79 3.23 
25 2.59 2.89 3.27 3.76 4.23 5.02 
35 3.46 3.89 4.41 5.01 5.58 6.48 
45 4.36 4.89 5.61 6.24 7.08 8.08 
55 5.19 5.92 6.68 7.45 8.43 9.78 
65 6.26 6.86 7.83 8.65 9.82 11.20 
75 7.21 7.95 8.92 9.99 11.16 12.54 
 
Table D.6: Calculated switching energy with a DC Link voltage of 600V (mJ) 
Temperature (°C) 
Current (A) 25 50 75 100 125 150 
5 0.74 0.84 0.96 1.10 1.25 1.42 
15 1.63 1.88 2.15 2.47 2.82 3.20 
25 2.53 2.90 3.32 3.80 4.33 4.92 
35 3.44 3.92 4.47 5.10 5.80 6.57 
45 4.36 4.93 5.60 6.36 7.22 8.17 
55 5.29 5.94 6.70 7.58 8.58 9.70 
65 6.23 6.94 7.79 8.77 9.90 11.17 
75 7.18 7.94 8.85 9.93 11.17 12.57 
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D.2.3 Diode Turn-off Energy (Erec)  
Table D.7: Loss parameters 
 Tj2 Tj1 Tj0 
k1 (mJ/A2) -1.12e-05 -7.76e-04 -1.81e-01 
k2 (mJ/A) 2.16e-03 1.24e-01 3.50e+01 
k3 (mJ) 4.22e-03 6.51 6.85e+01 
  kV1 kV2 kV3 
kV 0 1.08e-03 3.42e-01 
 
Table D.8: Measured switching energy with a DC Link voltage of 600V (mJ) 
Temperature (°C) 
Current (A) 25 50 75 100 125 150 
5 0.41 0.50 0.66 0.85 1.21 1.54 
15 0.83 1.05 1.38 1.75 2.11 2.61 
25 1.05 1.34 1.71 2.17 2.70 3.55 
35 1.39 1.71 2.15 2.72 3.39 3.93 
45 1.54 1.93 2.37 3.01 3.63 4.63 
55 1.83 2.28 2.82 3.44 4.16 5.09 
65 1.90 2.46 2.91 3.49 4.44 5.34 
75 2.03 2.65 3.12 3.87 4.55 5.83 
 
Table D.9: Calculated switching energy with a DC Link voltage of 600V (mJ) 
Temperature (°C) 
Current (A) 25 50 75 100 125 150 
5 0.43 0.63 0.86 1.10 1.36 1.64 
15 0.78 1.05 1.36 1.71 2.11 2.55 
25 1.09 1.42 1.80 2.26 2.77 3.35 
35 1.36 1.73 2.19 2.72 3.34 4.05 
45 1.59 2.00 2.51 3.12 3.82 4.63 
55 1.78 2.22 2.77 3.44 4.21 5.10 
65 1.92 2.39 2.98 3.68 4.51 5.47 
75 2.03 2.51 3.12 3.86 4.72 5.72 
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D.3 Conduction Loss Parameters 
D.3.1 IGBT on-state Voltage (VCE)  
Table D.10: Loss parameters 
 Tj2 Tj1 Tj0 
k1 (mJ/A2) 0 -1.48e-07 -4.75e-05 
k2 (mJ/A) 0 6.13e-05 1.39e-02 
k3 (mJ) 0 -1.19e-03 9.26e-01 
  kV1 kV2 kV3 
kV 0 0 1 
 
Table D.11: Measured on-state voltage (V) 
Temperature (°C) 
Current (A) 25 50 75 100 125 150 
5 0.968 0.955 0.936 0.912 0.888 0.857 
15 1.121 1.120 1.114 1.106 1.096 1.079 
25 1.254 1.266 1.274 1.282 1.287 1.288 
35 1.377 1.404 1.426 1.447 1.468 1.480 
45 1.488 1.522 1.556 1.591 1.624 1.650 
55 1.588 1.633 1.675 1.714 1.754 1.795 
65 1.683 1.731 1.785 1.844 1.901 1.951 
75 1.773 1.843 1.910 1.972 2.037 2.100 
 
Table D.12: Calculated on-state voltage (V) 
Temperature (°C) 
Current (A) 25 50 75 100 125 150 
5 0.971 0.959 0.939 0.915 0.891 0.860 
15 1.131 1.131 1.125 1.117 1.107 1.090 
25 1.272 1.285 1.293 1.300 1.305 1.306 
35 1.402 1.430 1.452 1.473 1.494 1.505 
45 1.521 1.555 1.589 1.624 1.657 1.683 
55 1.628 1.674 1.716 1.754 1.795 1.835 
65 1.731 1.779 1.833 1.892 1.949 1.999 
75 1.829 1.899 1.966 2.027 2.092 2.156 
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D.3.2 Diode Forward Voltage (VF)  
Table D.13: Loss parameters 
 Tj2 Tj1 Tj0 
k1 (mJ/A2) 0 -1.42e-07 -7.68e-05 
k2 (mJ/A) 0 4.73e-05 1.41e-02 
k3 (mJ) 0 -2.32e-03 9.44e-01 
  kV1 kV2 kV3 
kV 0 0 1 
 
Table D.14: Measured forward voltage (V) 
Temperature (°C) 
Current (A) 25 50 75 100 125 150 
5 0.944 0.873 0.821 0.770 0.721 0.674 
15 1.117 1.079 1.043 1.002 0.961 0.920 
25 1.225 1.202 1.176 1.148 1.120 1.080 
35 1.325 1.315 1.298 1.275 1.252 1.219 
45 1.409 1.408 1.400 1.385 1.366 1.342 
55 1.473 1.489 1.489 1.482 1.472 1.454 
65 1.531 1.556 1.567 1.572 1.565 1.543 
75 1.594 1.633 1.654 1.657 1.663 1.654 
 
Table D.15: Calculated forward voltage (V) 
Temperature (°C) 
Current (A) 25 50 75 100 125 150 
5 0.961 0.908 0.856 0.804 0.752 0.700 
15 1.098 1.056 1.015 0.974 0.933 0.892 
25 1.218 1.188 1.157 1.126 1.096 1.065 
35 1.323 1.302 1.281 1.260 1.239 1.218 
45 1.412 1.400 1.388 1.376 1.364 1.352 
55 1.484 1.481 1.477 1.473 1.469 1.466 
65 1.541 1.545 1.548 1.552 1.556 1.560 
75 1.581 1.592 1.603 1.613 1.624 1.635 
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Appendix E: Transient Temperature Response  
 
 
E.1 Introduction 
To select the time constants that are used to combine the mutual thermal impedances for the 
IGBT and diode model the step response is calculated under a range of operating 
conditions. In this appendix, the results are shown for several conditions that were not 
included in Chapter 7. These include an investigation into the effect of the switching 
frequency and displacement power factor.   
E.2 IGBT transient response 
The following figures show a comparison of the step response calculated using the original 
network parameters and the common time constants for a stationary vector condition. A 
negative value indicates that the temperature is underestimated during the transient.  
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Figure E.1: Comparison of switching frequencies (a) step response (b) error temperature 
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Figure E.2: Comparison of displacement power factors (a) step response (b) error 
temperature 
 
The results shown in this section are used to select the common time constants for the 
IGBT thermal model. Since the process of combining multiple mutual impedances is only 
an approximation of the complete thermal characteristics some error will always exist. 
Even so, the error can be minimised by comparing the combined response (two mutual time 
constants) with the complete response calculated using the full thermal impedance matrix 
(11 mutual time constants). The common time constants for the two mutual terms that 
represent the thermal coupling from the other IGBTs and diodes in the inverter can then be 
selected to minimise the error. This selection process is a compromise between the transient 
performance (minimising the overestimation of the temperature) and the protection offered 
by the thermal model (minimising the underestimation of the temperature). The results for 
the diode model are shown in the next section.  
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E.3 Diode transient response 
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Figure E.3: Comparison of modulation index (a) step response (b) error temperature 
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Figure E.4: Comparison of switching frequencies (a) step response (b) error temperature 
Appendix E: Transient Temperature Response 
237 
0
5
10
15
20
25
30
35
40
0.001 0.01 0.1 1 10 100
Time (s)
T j
-
th
 
(°C
)
Individual Network Response
Combined Network Response
PF=0.5lagging
PF=0.866lagging
PF=1
 
-7
-6
-5
-4
-3
-2
-1
0
1
2
0.001 0.01 0.1 1 10 100
Time (s)
Er
ro
r 
Te
m
pe
ra
tu
re
 
(°C
)_
PF=0.5lagging
PF=0.866lagging
PF=1
 
(a)       (b) 
Figure E.5: Comparison of displacement power factors (a) step response (b) error 
temperature 
 
The results shown in this section are used to select the common time constants for the diode 
thermal model. By comparing these results with those for the IGBT model it is evident that 
the characteristics are very different. This is caused by the different thermal coupling in 
each model, which is due to the layout of the power module and more specifically, the 
location of the nearby devices.   
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Appendix F: Temperature Measurements and Comparison  
 
 
F.1 Introduction 
To develop and validate the thermal model the temperature of the IGBTs and diodes in an 
inverter were measured under a range of operating conditions. In this Appendix a selection 
of measurements that were not included in the main body of this thesis are presented and 
the key observations are described.    
F.2 Thermal Coupling between Devices 
The thermal coupling between the devices in the inverter has a significant impact on the 
peak temperature and the temperature profile measured over a complete output cycle 
(1/Fout). This can be seen in Figure F.1. With no coupling the peak temperature of each 
device should be similar, but due to the thermal coupling the peak temperature of every 
IGBT is different. Under these operating conditions the hottest device is IVU.  
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Figure F.1: Maximum IGBT temperature measured at a switching frequency of 16kHz, load 
current of 25A and an output frequency of 2.5Hz 
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F.3 Temperature Distribution in a Stationary Vector Condition 
The thermal image of the inverter operating in a stationary vector condition is shown in 
Figure F.2(a). This image was taken with the peak current in the upper IGBT of the U 
phase. In this condition six devices in the inverter are active. The surface temperature of 
this IGBT is shown in FigureF.2(b). In this figure, the lower temperature measured from 
the centre to the edge on one side of the device is caused by the gate lead bond wire.   
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Figure F.2: Inverter operating in a stationary vector condition at a switching frequency of 
16kHz and a current of 19A (a) Infrared image (b) Surface temperature of IUU 
 
Figure F.3 shows the maximum temperature of each IGBT as the devices are heated after a 
step in output current has been applied to the inverter. As expected, the three IGBTs that 
are not conducting (IUL, IVU and IWU) have the lowest temperature, the IGBTs conducting 
half of the load current (IVL and IWL) are the next highest and IUU is the hottest device. The 
measured temperatures are compared with the output of the frequency model and the basic 
thermal model.  
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Figure F.3: Comparison of the measured (maximum) and estimated temperature with the 
inverter operating in a stationary vector condition at a switching frequency of 16kHz and a 
load current of 19A (Output frequency = 0Hz) 
 
This comparison shows that the basic thermal model underestimates the temperature by 
over 25˚C and this model would allow the temperature to exceed 175˚C. In contrast, the 
temperature estimated by the frequency model is only 1˚C lower than the measurement.  
F.4 Comparison during an Acceleration, Steady-state and Deceleration Period 
The results in Figure F.4 and Figure F.5 show the comparison of the IGBT and diode 
frequency models with the basic thermal model and the measured temperatures. These 
results highlight some of the main characteristics of both models. Key points to note are: 
 
1. After the initial acceleration period the output of the frequency model reduces 
towards the peak junction-to-temperature of the modelled device. This effect is due 
to the longer time constants associated with the negative mutual thermal impedance.  
2. In the steady-state the modelled devices (IUU and DUU) are not the hottest. This is 
caused by the change in the thermal coupling at higher operating frequencies.  
3. As the motor is decelerating the ripple component increases. This is added to the 
output of the model as a constant value and can cause the temperature to be 
overestimated.   
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Figure F.4: Comparison of the IGBT model with the inverter operating at a switching 
frequency of 16kHz, load current of 25A and an output frequency = 10Hz (a) complete 
response (b) acceleration period (c) steady state period (d) deceleration period 
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Figure F.5: Comparison of the diode model with the inverter operating at a switching 
frequency of 16kHz, load current of 25A and an output frequency = 10Hz (a) complete 
response (b) acceleration period (c) steady state period (d) deceleration period 
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